Platelet-derived growth factors (PDGFs) and their receptors (PDGFRs) have served as prototypes for growth factor and receptor tyrosine kinase function for more than 25 years. Studies of PDGFs and PDGFRs in animal development have revealed roles for PDGFR-␣ signaling in gastrulation and in the development of the cranial and cardiac neural crest, gonads, lung, intestine, skin, CNS, and skeleton. Similarly, roles for PDGFR-␤ signaling have been established in blood vessel formation and early hematopoiesis. PDGF signaling is implicated in a range of diseases. Autocrine activation of PDGF signaling pathways is involved in certain gliomas, sarcomas, and leukemias. Paracrine PDGF signaling is commonly observed in epithelial cancers, where it triggers stromal recruitment and may be involved in epithelial-mesenchymal transition, thereby affecting tumor growth, angiogenesis, invasion, and metastasis. PDGFs drive pathological mesenchymal responses in vascular disorders such as atherosclerosis, restenosis, pulmonary hypertension, and retinal diseases, as well as in fibrotic diseases, including pulmonary fibrosis, liver cirrhosis, scleroderma, glomerulosclerosis, and cardiac fibrosis. We review basic aspects of the PDGF ligands and receptors, their developmental and pathological functions, principles of their pharmacological inhibition, and results using PDGF pathway-inhibitory or stimulatory drugs in preclinical and clinical contexts.
Platelet-derived growth factor (PDGF) was identified more than three decades ago as a serum growth factor for fibroblasts, smooth muscle cells (SMCs), and glia cells (Kohler and Lipton 1974; Ross et al. 1974; Westermark and Wasteson 1976) . Human PDGF was originally identified as a disulfide-linked dimer of two different polypeptide chains, A and B, separable using reversed phase chromatography (Johnsson et al. 1982) . The B-chain (PDGF-B) was characterized by amino acid sequencing, revealing a close homology between PDGF-B and the product of the retroviral oncogene v-sis of simian sarcoma virus (SSV) (Doolittle et al. 1983; Waterfield et al. 1983) . Subsequent studies confirmed that the human cellular counterpart (c-sis) was identical to PDGF-B and that autocrine PDGF activity was sufficient for SSV transformation in vitro. This was a paradigm-shifting discovery about the relationship between neoplastic cell transformation and normal growth control. For the first time, the importance of autocrine growth stimulation in neoplastic transformation was demonstrated. As discussed below, it is now well established that autocrine PDGF stimulation plays a role also in some human cancers.
PDGF-A was characterized by cDNA cloning ). This resolved a paradoxical lack of correlation between secretion of PDGF-like growth factors from tumor cell lines and their expression of c-sis; it turned out that most such cell lines express PDGF-A and secrete PDGF-AA homodimers ). Together with the demonstration that PDGF-BB homodimers are produced by SSV-transformed or PDGF-Bexpressing cells, these results showed that the PDGF family consisted of three proteins-PDGF-AA, PDGF-AB, and PDGF-BB-encoded by two genes, PDGF-A and PDGF-B (for review, see Heldin and Westermark 1999) . This view lasted for more than 15 years until combinations of genomic and biochemical efforts identified two additional PDGF genes and proteins-PDGF-C (Li et al. 2000) and PDGF-D (Bergsten et al. 2001; LaRochelle et al. 2001 ). The currently known PDGF genes and polypeptides belong to a family of structurally and functionally related growth factors including also the vascular endothelial growth factors (VEGFs) (Fredriksson et al. 2004a) . PDGF/VEGF growth factors are conserved throughout the animal kingdom ( Fig. 1 ) and form part of a large superfamily of proteins containing cystine knots (McDonald and Hendrickson 1993) .
The PDGFs have crucial roles during development, but there is limited evidence for normal physiological functions in the adult. Increased PDGF activity has been linked with several diseases and pathological conditions, however. Causal pathogenic roles of the PDGFs have been established for some diseases, providing prospects for therapy using PDGF antagonists. PDGF receptor-inhibiting substances are now extensively tested in preclinical models as well as in human clinical trials. In addition, recombinant human PDGF-BB has been introduced in the clinic as a wound-healing therapy.
The present review summarizes current knowledge about PDGF functions in health and disease. We provide a brief background to PDGF biochemistry and cell biology and discuss how some of the cellular responses to PDGFs relate to functions in mammalian development and disease. In this context, we also discuss the recently established roles of PDGF/VEGF-like growth factors (PVFs) in invertebrates. We summarize how different mechanisms contribute to the regulation of bioavailability and tissue distribution of the PDGFs, which are key parameters during development. For detailed information on particular aspects of PDGF biology, such as signal transduction and the many reported effects of PDGFs in cell culture, the reader is referred to other reviews and original literature, some of which are cited below.
The PDGF/VEGF family of ligands and receptors

Mammalian PDGF/VEGFs
All PDGFs and VEGFs are dimers of disulfide-linked polypeptide chains (for review, see Heldin and Westermark 1999) . In mammals, a total of nine different genes encode four different PDGF chains (PDGF-A, PDGF-B, PDGF-C, and PDGF-D) and five different VEGF chains (VEGF-A, VEGF-B, VEGF-C, VEGF-D; and placenta growth factor, PlGF) (for review, see Ferrara et al. 2003; Fredriksson et al. 2004a) . One heterodimer (PDGF-AB) has been demonstrated in human platelets. Although the PDGF-AB heterodimer is endowed with somewhat different signaling properties from the homodimers (Ekman et al. 1999) , its physiological importance remains unclear. PDGF-AB occurrence in platelets may be specific to humans (Stroobant and Waterfield 1984) . Also, the endogenous expression patterns of PDGF-A and PDGF-B are generally nonoverlapping (Hoch and Soriano 2003) , suggesting that heterodimers are infrequent in vivo. Presently, evidence for genetic interactions between pdgfa and pdgfb is also lacking (Li et al. 2000) . Thus, although there may be special cases for heterodimer formation and function within the PDGF ligand family, homodimers appear to dominate, at least during development.
Mammalian PDGFs and VEGFs separate into four distinguishable classes of proteins (Fig. 1) . All members carry a growth factor core domain containing a conserved set of cysteine residues. The core domain is necessary and sufficient for receptor binding and activation. Classification into PDGFs or VEGFs is based on receptor binding. It has been generally assumed that PDGFs and VEGFs are selective for their own receptors. This view was recently challenged by the demonstration that VEGF-A may bind to and activate PDGF receptors in bone-marrow-derived mesenchymal stem cells (Ball et al. 2007 ). This study also challenges the general view that VEGFs target mainly endothelial cells, whereas mesenchymal cells are targeted by PDGFs. Further chal- 
Mammalian PDGFs fall into two classes (I and II) distinguished by the presence of basic retention motifs (A and B) or CUB domains (C and D). Mammalian VEGFs also fall into two classes (III and IV).
C. elegans (Ce) and Drosophila (D) PVFs are most similar to VEGF-C and VEGF-D based on domain organization but may functionally be most similar to VEGF-A, VEGF-B, and PlGF. lenge to the functional distinctions between PDGFs and VEGFs comes from findings that VEGF-C and PDGF-A both regulate oligodendrocyte development, however, through distinct receptors. VEGFs and PDGFs also both appear to function in hematopoietic development, neurogenesis, and neuroprotection. These functions are further discussed below.
Mammalian PDGF receptors
PDGFs act via two RTKs (PDGFR-␣ and PDGFR-␤) with common domain structures, including five extracellular immunoglobulin (Ig) loops and a split intracellular tyrosine kinase (TK) domain. This structure is shared with c-Fms, c-Kit, and Flt3, the receptors for CSF-1, SCF, and Flt3-ligand, respectively. The VEGFs act through a distinct but structurally related subfamily of RTKsVEGFRs 1, 2, and 3. Ligand binding promotes receptor dimerization, which initiates signaling. Depending on ligand configuration and the pattern of receptor expression, different receptor dimers may form (Heldin and Westermark 1999) . Theoretically (and generally based on cell culture experiments), the possible PDGF-PDGFR interactions are multiple and complex and include the formation of receptor heterodimers (Fig. 2) . However, in vivo there is functional evidence only for a few interactions; i.e., those of PDGF-AA and PDGF-CC via PDGFR-␣, and PDGF-BB via PDGFR-␤ (Fig. 2) .It is likely that also PDGF-DD acts through PDGFR-␤ in vivo, but evidence for this is currently lacking. PDGFR heterodimer formation occurs in vivo as seen by crossing mice carrying PDGFR-␣ and PDGFR-␤ signaling mutants (Klinghoffer et al. 2002) . The importance of the different PDGF-P-DGFR interactions, and the signals elicited, are further discussed below. For a comprehensive overview of PDGF receptor signal transduction mechanisms, the reader is referred to previous reviews on this topic (Heldin and Westermark 1999; Rönnstrand and Heldin 2001; Tallquist and Kazlauskas 2004) .
Invertebrate PDGF/VEGFs
PDGF/VEGF signaling is conserved throughout the animal kingdom. The fruit fly Drosophila melanogaster has three PVFs (PVF-1-3), and a single PDGF/VEGF receptor (PVR). The nematode Caenorhabditis elegans has four receptors (VER-1-4), and one putative ligand (PVF-1) (Hoch and Soriano 2003; Tarsitano et al. 2006) , whose direct interaction with the VERs remains to be established. Invertebrate PVR/VERs resemble the mammalian VEGF receptors in that they have seven (rather than five) extracellular Ig loops. The PVFs also resemble the mammalian VEGFs in that they contain a C-terminal cysteine-rich motif, which is missing in the PDGFs (Fig. 1) . Thus, it appears that an ancestral VEGF system has duplicated to generate the vertebrate VEGF and PDGF families through divergent evolution. C. elegans (Ce)PVF-1 was recently found to bind and activate human VEGFR-1 and VEGFR-2 and to induce angiogenic responses in human umbilical vein endothelial cells and chick chorioallantoic membranes. In contrast, CePVF-1 (Lee et al. 2007 ), have not been demonstrated for the PDGFs. PDGFs are generally produced by discrete populations of cells and act locally to drive different cellular responses (for review, see Hoch and Soriano 2003; Betsholtz 2004) . Both PDGF and PDGFR expression patterns are spatio-temporally regulated in vivo during development and in certain physiological hypertrophic responses. PDGF expression in cultured cells is dynamic and responsive to a variety of stimuli, including hypoxia, thrombin, cytokines, and growth factors, including PDGF itself (for review, see Heldin and Westermark 1999) . Also, PDGFR expression is dynamic. General mesenchymal expression of PDGFRs is low in vivo, but increases dramatically during inflammation and in culture. Several factors induce PDGFR expression, including TGF-␤, estrogen (probably linked to hypertrophic smooth muscle responses in the pregnant uterus), interleukin-1␣ (IL-1␣), basic fibroblast growth factor-2 (FGF-2), tumor necrosis factor-␣, and lipopolysaccharide (Heldin and Westermark 1999 and references therein).
The detailed expression patterns of the individual PDGF ligands and receptors are complex and have been reviewed elsewhere (Heldin and Westermark 1999; Hoch and Soriano 2003) . There are some general patterns, however: PDGF-B is mainly expressed in vascular endothelial cells, megakaryocytes, and neurons. PDGF-A and PDGF-C are expressed in epithelial cells, muscle, and neuronal progenitors. PDGF-D expression is less well characterized, but it has been observed in fibroblasts and SMCs at certain locations (possibly suggesting autocrine functions via PDGFR-␤). PDGFR-␣ is expressed in mesenchymal cells. Particularly strong expression of PDGFR-␣ has been noticed in subtypes of mesenchymal progenitors in lung, skin, and intestine and in oligodendrocyte progenitors (OPs) (discussed further below). PDGFR-␤ is expressed in mesenchyme, particularly in vascular SMCs (vSMCs) and pericytes.
The mammalian PDGF and PDGFR genes are located on different chromosomes, and their transcriptional regulation seems largely independent. It remains to be established if some of the overlapping expression patterns for PDGF-A and PDGF-C result from common transcription regulatory mechanisms. The transcriptional regulation of the PDGF-A and PDGF-B genes has been extensively studied and is reviewed elsewhere (Heldin and Westermark 1999; Kaetzel 2003) . Little is still known about the transcriptional regulation of PDGF-C and PDGF-D and the PDGFRs.
PDGF biosynthesis and secretion
PDGF biosynthesis and processing are controlled at multiple levels and differ for the different PDGFs. There is currently no evidence for regulated secretion of the PDGFs, which instead appears to be constitutively released (Fruttiger et al. 2000) . PDGF-A and PDGF-B become disulfide-linked into dimers already as propeptides. PDGF-C and PDGF-D have been less studied in this regard. PDGF-A and PDGF-B contain N-terminal pro-domains that are removed intracellularly by furin or related proprotein convertases (for review, see Fredriksson et al. 2004a) . N-terminal processing is necessary for PDGF-A to acquire receptor-binding ability (for review, see Heldin and Westermark 1999; Fredriksson et al. 2004a) . Likely, PDGF-B also requires N-terminal propeptide removal to become active.
In contrast, PDGF-C and PDGF-D are not processed intracellularly but are instead secreted as latent (conditionally inactive) ligands (for review, see Fredriksson et al. 2004a; Reigstad et al. 2005) . Activation in the extracellular space requires dissociation of the growth factor domain from the CUB domain (Fig. 1) . Plasmin and tissue plasminogen activator (tPA) have been demonstrated to proteolytically remove the CUB domain in PDGF-C, rendering it biologically active (Fredriksson et al. 2004b) . Although the endogenous protease(s) responsible for PDGF-C activation in vivo remains to be identified, tPA endogenously expressed in cultured fibroblasts activates PDGF-CC expressed by the same cells. Plasmin can cleave and activate also PDGF-D, but tPA cannot (Fredriksson et al. 2004b) . TPA needs to interact with both the CUB domain and the core domain in order for cleavage and activation of PDGF-C to occur, which likely explains this specificity.
Extracellular retention and distribution of PDGFs
Spatially uneven distribution (gradients and depots) of growth factors, cytokines, and morphogens defines their biological activity and action range. Diffusion of PDGF in the tissue interstitium is regulated by binding to extracellular matrix components (Fig. 3) . For PDGF-A and PDGF-B, such binding is accomplished in part by the positively charged C-terminal motifs (referred to as retention motifs) containing a high proportion of basic amino acid residues (Fig. 1) . PDGF-C and PDGF-D lack basic retention motifs, but CUB domains are implicated in protein-protein and protein-carbohydrate interactions in other contexts and may regulate extracellular distribution of latent PDGF-C and PDGF-D. The presence of the retention motif is determined by alternative splicing in PDGF-A and by alternative C-terminal proteolytic processing in PDGF-B (Fig. 3) . Alternative splicing has also been demonstrated for several of the members of the VEGF family, leading to the formation of multiple isoforms that differ in extracellular matrix binding ( Fig. 1 ; for review, see Ferrara et al. 2003) . Alternative splicing of the PDGF-A transcript is cell typespecific and differs both among tumor cell lines (Afrakhte et al. 1996) and in different organs during development (J. Andrae, H. Boströ m, and C. Betscholtz, unpubl.) .
C-terminal proteolytic processing of PDGF-B may take place intracellularly or extracellularly. The endogenous protease(s) responsible for C-terminal cleavage of PDGF-B has not been identified, but thrombin is a putative candidate for extracellular proteolysis (Kelly et al. 1993) . Certain cells transfected with PDGF-B expression vectors secrete soluble PDGF-BB into the conditioned medium. However, a major part of endogenously expressed PDGF-B becomes trapped on the cell surface or in the extracellular matrix, where it subsequently can be released by thrombin (Kelly et al. 1993; Soyombo and DiCorleto 1994) .
Insights into the role of PDGF retention have come from studies of PDGF interaction with heparan sulfate proteoglycans (HSPGs) and phenotypic analysis of PDGF-B retention motif knockout mice. PDGFs bind to heparin and HSPGs similar to many other growth factors and morphogens with critical functions during development (e.g., hedgehogs, bone morphogenetic protieins [BMPs] , and Wnts) (Feyzi et al. 1997; Lustig et al. 1999; Lin 2004; Häcker et al. 2005; Abramsson et al. 2007 ).
Targeted deletion of the PDGF-B retention motif in mice leads to pericyte detachment from the microvessel wall Lindblom et al. 2003) . Reduced heparan sulfate (HS) N-sulfation (caused by lack of the enzyme N-deacetylase/N-sulfotransferase-1) similarly leads to pericyte detachment and delayed pericyte migration in vivo (Abramsson et al. 2007 ). This is probably caused by attenuated PDGF-BB binding to HS. PDGF-BB/ HS interaction appears to depend on overall N-and Osulfation of HS, whereas saccharide fine structure appears to be of lesser importance. Taken together, available evidence suggests a model in which PDGF-BB secreted from endothelial cells interacts with HS at the endothelial surface or in the periendothelial matrix. This would lead to local deposits of PDGF-BB, which, in turn, are critical for the correct investment of pericytes in the vessel wall. HS binding is also necessary for proper localization and function of VEGF-A (Ruhrberg et al. 2002) . It was shown recently that HS may act in trans-i.e., from pericytes-to potentiate VEGF-receptor function in endothelial cells . Similarly, HS expressed on endothelial cells may function to enhance PDGF-BBmediated PDGFR-␤ signaling in neighboring pericytes.
PDGF binds also to certain non-HSPG extracellular proteins, but the physiological relevance of these interactions is unclear. Binding of PDGF-B has been demonstrated to ␣-2-macroglobulin (Bonner and Osornio-Vargas 1995) , possibly acting as a scavenger for PDGF-B through low-density lipoprotein (LDL) receptor-related protein (LRP) receptors on macrophages and other cells . PDGF-B also binds to SPARC and adiponectin, which may trap the growth factor in the extracellular space Arita et al. 2002) .
PDGF receptor signaling transduction and downstream events
Dimerization is the key event in PDGF receptor activation as it allows for receptor autophosphorylation on tyrosine residues in the intracellular domain (Kelly et al. 1991) . Autophosphorylation activates the receptor kinase and provides docking sites for downstream signaling molecules (Kazlauskas and Cooper 1989) . Docking of receptor substrates and further signal propagation involves protein-protein interactions through specific domains; e.g., Src homology 2 (SH2) and phosphotyrosinebinding (PTB) domains recognizing phosphorylated tyrosines, SH3 domains recognizing proline-rich regions, pleckstrin homology (PH) domains recognizing membrane phospholipids, and PDZ domains recognizing Cterminal-specific sequences (for review, see Heldin et al. 1998) . Most of the PDGFR effectors bind to specific sites on the phosphorylated receptors through their SH2 domains.
PDGFR-induced signaling pathways
Both PDGFR-␣ and PDGFR-␤ engage several well-characterized signaling pathways-e.g. Ras-MAPK, PI3K, and PLC-␥-which are known to be involved in multiple cellular and developmental responses (Fig. 4) . PDGFRs con- Both isoforms may bind and activate PDGFR-␣ (active). Heterodimers between the long and short forms of PDGF-A are not illustrated but can likely form since both splice isoforms are produced by the same cells in most situations. (Middle panel) PDGF-B is produced as a single precursor containing the retention motif. This protein may be secreted, in which case it gets trapped at the external side of the cell membrane or in pericellular matrix such as the basement membrane, where it is active and participates in pericyte recruitment. In platelets, PDGF-B is processed intracellularly into a soluble and active isoform lacking the retention motif. There is experimental evidence for trafficking of a proportion of synthesized PDGF-B toward degradation without prior secretion. (Bottom panel) PDGF-C and PDGF-D are produced and secreted as inactive growth factors containing a CUB domain (yellow). The CUB domain may help in localizing these PDGFs in the extracellular space. Active PDGF-C and PDGF-D are produced through extracellular proteolysis.
nect to Ras-MAPK mainly through the adaptor proteins Grb2 and Shc. Grb2 binds the activated PDGFR through its SH2 domain and complexes Sos1 through its SH3 domains. Sos1 in turn activates Ras, leading to downstream activation of Raf-1 and the MAPK cascade. MAPK signaling activates gene transcription, leading to stimulation of cell growth, differentiation, and migration (for review, see Bar-Sagi and Feramisco 1986; Seger and Krebs 1995) .
PI3K is a family of enzymes phosphorylating phosphoinositides. Effectors of PI3K signaling include serine/ threonine kinases such as Akt/PKB (Burgering and Coffer 1995; Franke et al. 1995) , some members of the PKC family including atypical isoforms (Nakanishi et al. 1993; Akimoto et al. 1996) , p70 S6 kinase (Chung et al. 1994) , JNK (Lopez-Ilasaca et al. 1997) , and small GTPases of the Rho family (Hawkins et al. 1995) . Activation of the PI3K pathway by PDGFRs promotes actin reorganization, directed cell movements, stimulation of cell growth, and inhibition of apoptosis (Hu et al. 1995) .
PLC-␥ binds PDGFRs, which results in its activation through phosphorylation (for review, see Tallquist and Kazlauskas 2004) . PLC-␥ activation leads to mobilization of intracellular calcium ions and the activation of PKC (Berridge 1993) . The effects of PDGFR-mediated PLC-␥ activation include stimulation of cell growth and motility (Kundra et al. 1994) .
Several additional signaling molecules are engaged by PDGFRs, including enzymes, adaptors, and transcription factors. Activation of the Src TK promotes Myc transcription and mitogenic responses (for review, see Erpel and Courtneidge 1995) . Also, members of the Fer and Fes TK family bind to PDGFRs (Kim and Wong 1995) . PKC-␦ is phosphorylated by PDGFR-␤, leading to its activation and translocation to the cell membrane (Li et al. 1996) . This signal may be involved in cell differentiation. The adaptors Nck and Crk bind to PDGFRs through their SH2 domain and are involved in activation of JNK (Nishimura et al. 1993; Su et al. 1997) . The adaptor Grb7 contains a SH2 domain and binds PDGFR-␤ (Yokote et al. 1996) . STAT transcription factors may bind to PDGF receptors, leading to their phosphorylation and activation (Darnell 1997) .
PDGF receptors interact also with integrins, which enhances cell proliferation, migration, and survival (for review, see Assoian 1997; Frisch and Ruoslahti 1997) . PDGFR interaction with integrins helps localizing PDGFRs and interacting molecules at focal adhesions, which are sites where several signaling pathways initiate and cross-talk (Clark and Brugge 1995) . Recently, Na + / H + exchanger regulatory factors (NHERFs) were shown to bind PDGFR-␤ and link it with focal adherence kinase and the cortical actin cytoskeleton (James et al. 2004) , as well as to N-cadherin (Theisen et al. 2007 ) and the phosphatase PTEN ( Fig. 4 ; Takahashi et al. 2006) . Additional evidence for compartmentalization of PDGFRs and their downstream signals within cells comes from the intriguing observation that PDGFR-␣ (but not PDGFR-␤) localizes to the primary cilium of fibroblasts (Schneider et al. 2005) . Mutants that fail to form cilia do not activate PDGFR-␣ but maintain PDGFR-␤ signaling. Primary cilia are also essential for hedgehog signaling (Eggenschwiler and Anderson 2007) . Hedgehog receptors (patched) and PDGFR-␣ show a conspicuous overlap in their expression pattern during development , and it is thus possible that this correlation extends to signaling at the subcellular level as well.
Negative control of PDGFR signaling
PDGF signaling is carefully regulated by feedback control mechanisms. Stimulatory and inhibitory signals arise in parallel, and the ultimate response depends on the balance between these signals (for review, see Heldin et al. 1998 ). The SHP-2 tyrosine phosphatase binds PDGFR through its SH2 domain and dephosphorylates the receptor and its substrates (Lechleider et al. 1993 ). Ras-GAP, which negatively regulates Ras, also binds PDGFR-␤ through its SH2 domain (Fantl et al. 1992) .
Ligand occupancy of PDGFRs promotes endocytotic receptor internalization. The major destiny of internalized PDGFRs seems to be lysosomal degradation, thereby limiting the duration of PDGFR signaling Sorkin et al. 1991; Mori et al. 1995) . Recycling of PDGFR-␤, but not PDGFR-␣, was recently observed in cells deficient for the phosphatase TC-PTP (Karlsson et al. 2006) , which is a negative regulator of PDGFR-␤ phosphorylation (Persson et al. 2004 ). Trafficking toward lysosomal degradation of PDGFR-␤ depends on interactions with c-Cbl and receptor ubiquitination. The adapter protein Alix, which interacts with the C-terminal domain of PDGFR-␤, facilitates ubiquitination and degradation of c-Cbl, thereby inhibiting PDGFR-␤ downregulation (Lennartsson et al. 2006) .
Cellular responses to PDGFR signaling
Some of the cellular responses to PDGFs take place within seconds to minutes after PDGFR activation and are independent of gene expression and protein synthesis. PDGFR-␣ and PDGFR-␤ mediate similar but not identical rapid responses. Both receptors stimulate rearrangement of actin filaments, but only PDGFR-␤ promotes formation of circular ruffles. PDGFR-␤ also mobilizes calcium ions more efficiently than PDGFR-␣ (Diliberto et al. 1992; Fatatis and Miller 1997) . PDGFR-␤ inhibits gap junctional communication between cells through phosphorylation of the gap junction protein connexin 43 (Hossain et al. 1998) . It is unclear whether this ability is shared with PDGFR-␣.
In addition to the rapid post-transcriptional responses, PDGFRs (like other RTKs) induce fast transcriptional changes involving so-called immediate early genes (IEGs) (Cochran et al. 1983) . IEGs are direct targets of the transcription factors that get activated (by post-translational modification) through various signaling pathways. The IEG responses are likely necessary for many of the long-term effects of PDGFs in vitro and in vivo. To what extent the IEG responses contribute specificity to PDGFR signaling is, however, unclear. Different RTKs induce virtually identical sets of IEGs (Fambrough et al. 1999) . Also, different signaling pathways activated by the same receptor (PDGFR-␤) induce largely overlapping sets of IEGs in vitro (Fambrough et al. 1999) . From these studies, it would appear that quantitative rather than qualitative differences in the IEG responses mediate the specific responses to different RTKs and signaling pathways. This view is supported by in vivo analysis of an allelic series of pdgfrb tyrosine-to-phenylalanine mutations disrupting connection to different substrates and signaling pathways . Mutations in single or multiple tyrosine residues led to quantitatively different but qualitatively similar developmental effects . In contrast, similar analyses of PDGFR-␣ revealed strikingly different roles of the different downstream signaling pathways. For PDGFR-␤, the disruption of signaling through PI3K alone has no, or only minor, developmental consequences (Heuchel et al. 1999; Tallquist et al. 2000a ). In contrast, PI3K is indispensable for PDGFR-␣ function during development (Klinghoffer et al. 2002) . Intriguingly (and in further contrast to PDGFR-␤), deficient coupling to Src from PDGFR-␣ resulted in specific problems with the oligodendrocyte lineage, whereas other processes, such as skeletal development, remained normal.
The different IEGs appear to cooperate in their regulation of downstream cellular and developmental events. By analyzing gene trap mutants for >20 IEGs downstream from PDGFR signaling, a striking degree of phenotypic overlap and genetic interaction was revealed. Different mutated IEGs produced qualitatively similar responses. Moreover, the combination of mutations in several genes strengthened specific phenotypic outcomes known to depend on PDGFR signaling, such as craniofacial, cardiovascular, or kidney developmental processes (Schmahl et al. 2007) . The large overlap between the signaling pathways, IEGs, and biological processes argue in favor of a model in which specificity is generated through a combination of quantitative differences in magnitude and duration of the responses occurring at different levels in the signaling cascade. One shall not forget, however, that a major part of the specificity of the PDGFRs in developmental functions depends on cell type-and context-specific PDGFR expression. The expression patterns of the PDGFRs correlate with the major sites of their functions; e.g., PDGFR-␣ is strongly expressed in OPs and PDGFR-␤ in pericyte progenitors. Lack of redundancy is therefore dependent in part on the different transcriptional regulation of the two pdgfr genes. By knocking in a PDGFR-␤ intracellular domain into the pdgfra gene, phenotypically normal animals were obtained, showing that PDGFR-␤ signaling can fully substitute for PDGFR-␣ signaling if it is expressed at the right place and time (Klinghoffer et al. 2001) . The reverse replacement, however, indicates that PDGFR-␣ signaling can only partially compensate for the loss of PDGFR-␤ signaling. Targeted replacements in PDGFR-␣ with other RTK signaling domains have also demonstrated partial rescue, at best (Klinghoffer et al. 2001; Hamilton et al. 2003) . Taken together, these data suggest that specificity of PDGFR signaling is achieved through a combination of cell type-specific expression and differential engagement of downstream signaling pathways.
Principles of genetic and pharmacological PDGF and PDGFR inhibition
Several strategies to block PDGF signaling have been applied to evaluate the role of PDGF signaling in biological and pathological processes. Targeted gene inactivation has been invaluable in the analysis of PDGF physiology in mice. Dominant-negative PDGFs or PDGFRs have been used in mammalian cell culture experiments and in Xenopus laevis. Since both PDGFs and PDGFRs require dimerization for functionality, any nonfunctional PDGF ligand or receptor retaining the ability to dimerize is a potential dominant-negative mutant. For example, N-terminal processing-deficient PDGF ligands, or PDGF receptors with inactivated or truncated kinase domains, act in this way. The PDGF/PDGFR complex is also amenable to pharmacological inhibition in several different ways (Fig. 5) . Neutralizing antibodies exist for PDGF ligands and receptors and have been used extensively in experiments evaluating the importance of PDGF signaling in pathogenic processes. Aptamers (stabilized oligonucleotides that bind proteins with very high specificity) have been developed for the inhibition of PDGF-B and have been used to test the pathogenic role of this protein in various rodent disease models.
One of the most efficient ways to block PDGFR signaling is to inhibit the PDGFR kinase activity. Kinase inhibitors act by binding at or near the ATP-binding pocket of the kinase domain. Several kinase inhibitors have been developed that block PDGFRs, but the inhibitors available so far are not completely specific. One of them, imatinib mesylate (imatinib, STI571, or Gleevec), inhibits PDGFR-␣ and PDGFR-␤, the bcr-abl fusion protein (toward which it was developed) (Carroll et al. 1997 ), c-kit, and Flt3. Imatinib has been approved by the US Food and Drug Administration for treatment of patients with Philadelphia chromosome-positive chronic myelogenous leukemia (carrying the bcl-abl fusion protein) (Druker et al. 2001 ) and gastrointestinal stromal tumors (GIST) carrying activating mutations in c-kit or PDGFR-␣ (Demetri et al. 2002) . Imatinib has also demonstrated clinical efficacy against myeloproliferative diseases involving rearrangements of the PDGFRB gene (Apperley et al. 2002) and dermatofibrosarcoma protuberans (DP), a tumor carrying translocated and activated PDGF-B genes (McArthur et al. 2005) . Several other PDGFR kinase inhibitors have been developed (for review, see Levitzki 2004 ) and tested in clinical trials (Homsi and Daud 2007) . All PDGFR kinase inhibitors used so far also block c-Kit and Flt3, two of the other three receptors with similar domain organization as PDGFRs. This specificity problem must be kept in mind when kinase inhibitors are used in order to evaluate the role of PDGF signaling in (patho)physiological processes. Imatinib nevertheless shows promise as a drug for a number of clinical conditions in which PDGFR signaling is activated (discussed in subsequent sections). The side effects of imatinib also appear to be minor from a general perspective as well as in comparison with other PDGFR inhibitors tested so far (for review, see Homsi and Daud 2007) .
Currently, other strategies for small-molecule-mediated inhibition of PDGFR signaling are scarce. A recent study identified a nuclease-hypersensitive element in the PDGF-A promoter as a putative target for small molecule pharmacologicals, however. The guanine-rich strand of the DNA in this region forms a dynamic Gquadruplex, which upon binding of the small molecule TMPyP4 becomes stabilized, silencing the PDGF-A promoter (Qin et al. 2007 ). How specific this inhibition is and whether this can be used to shut down PDGF-A expression in vivo remain to be established.
Developmental functions of PDGFs/PDGFRs
Developmental roles of PDGFs and PDGFRs have been unraveled mainly by way of gene-targeted mice. A large number of knockout, knock-in, or transgenic mutants have been used to identify specific cell types that are primary targets of PDGF signaling during development. The importance of these findings lies not only in the information achieved about the in vivo roles of PDGFs, but also in the new knowledge gained about some of the cell types regulated by PDGFs. For example, the critical roles of microvascular pericytes (Lindahl et al. 1997a ), lung alveolar SMCs (Boström et al. 1996) , and gastrointestinal villus cluster cells were all pinpointed for the first time through the analysis of PDGF-B and PDGF-A knockout mice, respectively. Important developmental roles for PDGF/PDGFR-like proteins have also been demonstrated in nonmammalian vertebrates. As discussed below, some of these appear to be analogous to the roles of the mammalian PDGFs and VEGFs.
Role of PDGF signaling in gastrulation and formation of cranial and cardiac neural crest
Several observations suggest that PDGF-A and PDGFR-␣ have early developmental functions. Xenopus embryos injected with dominant-negative PDGF receptor mRNA show aberrant gastrulation, in which the involuting prospective head mesodermal cells fail to migrate beneath the overlying PDGF-A-positive blastocoel roof ectoderm (Ataliotis et al. 1995) . Upon PDGFR inhibition, the mesodermal cells detach from the ectoderm and undergo apoptosis. Rescue from apoptosis did not rescue the migration defect, suggesting that PDGFR(s) independently controls both processes (Van Stry et al. 2004) . In contrast to these effects, inhibition of PDGFR signaling did not affect the migration and survival of axial mesoderm in Xenopus. Axial mesoderm develops through a different morphogenetic process (mediolateral intercalation) compared with head mesoderm and at a distance from (and therefore probably independent of) the PDGF-A-expressing ectoderm (Van Stry et al. 2004) .
A role for PDGF signaling during gastrulation is also suggested from experiments in sea urchins. PDGFR expression occurs in the developing mesoderm, and different strategies to inhibit PDGF or PDGFR function result in gastrulation defects (Ramachandran et al. 1995 (Ramachandran et al. , 1997 . A role for PDGF signaling in the mesoderm during zebrafish gastrulation has also been proposed (Montero and Heisenberg 2004) . The PDGFR-specific kinase inhibitor AG1296 inhibited formation of mesendodermal cell protrusions and cell polarization in vivo in fish embryos. In vitro, PDGF-A stimulated these activities (Montero and Heisenberg 2004) . Taken together, data from frog, sea urchin, and fish suggest an evolutionary conserved role for PDGF signaling during gastrulation in deuterostomes.
In mouse embryo development, PDGF-A expression onsets early and can be detected already in the preimplantation embryo (Rappolee et al. 1988; Mercola et al. 1990; Palmieri et al. 1992) . At this stage, PDGF-A is coexpressed with PDGFR-␣ in the blastocyst inner cell mass. In spite of these early expression patterns, a role for PDGFs during mouse gastrulation is not apparent (Hoch and Soriano 2003) . PDGF-A and PDGFR-␣-null mouse embryos nevertheless show severe impairment of early mesenchymal derivatives in both embryo and extraembryonic tissues (Hamilton et al. 2003) . A proportion of these embryos die before or at embryonic day 10.5 (E10.5), which is, however, variable and genetic background-dependent (Hoch and Soriano 2003) .
Although early developmental routes may differ between vertebrate species, some of the later consequences of gastrulation defects in Xenopus resemble the phenotypes observed in certain PDGF/R mutant mice. PDGFR signaling-inhibited Xenopus embryos develop reduced anterior structures and defective vertebral arch closure (spina bifida). Similar defects are observed in mouse PDGFR-␣ knockouts and PDGF-A/C double knockouts due to problems with the developing cranial neural crest and axial skeleton. Neural crest mesenchyme expresses PDGFR-␣ strongly in mouse (Morrison-Graham et al. 1992) , zebrafish (Liu et al. 2002a) , and Xenopus (Ho et al. 1994) . Complete or neural crest-specific PDGFR-␣ knockout in mice leads to severe developmental defects in neural crest mesenchyme derivatives, such as the cardiac outflow tract, the thymus, and the skeletal components of the facial region (Morrison-Graham et al. 1992; Soriano 1997; . Both PDGF-A and PDGF-C are expressed at locations toward which neural crest cells migrate, such as the branchial arch epithelium (Orr-Urtreger and Lonai 1992; Ding et al. 2000; Aase et al. 2002; Liu et al. 2002b ). For cardiac neural crest development, roles for both PDGFR-␣ and PDGFR-␤ have been demonstrated (Richarte et al. 2007 ). PDGFR-␣ is important mainly for nonneuronal cardiac neural crest development (Morrison-Graham et al. 1992) . PDGFR-␤ and PDGF-B appear to play a role in neuronal cardiac neural crest development, as both PDGFR-␤ and PDGF-B knockouts display abnormal cardiac innervation (Van den Akker et al. 2008 ). Thus, PDGFR-␣ and PDGFR-␤ signaling appear to have complementary roles in cardiac neural crest development.
Directed cell migration-a conserved morphogenetic function of PDGFs
In addition to the mentioned anatomical similarities between the phenotypes resulting from PDGFR inhibition in Xenopus and PDGFR-␣ ablation in mice, the cellular processes that depend on PDGFR-␣ signaling as well as the critical signaling pathways engaged appear to be similar (Soriano 1997; Van Stry et al. 2004 ). For example, signaling through PI3K downstream from PDGFR-␣ appears to be critical during early embryonic development in mouse (Klinghoffer et al. 2002) , Xenopus (Symes and Mercola 1996) , and zebrafish (Montero et al. 2003) .
Cell migration is a well-documented effect of PDGF stimulation in vitro (Heldin and Westermark 1999) , but our understanding of PDGF-dependent cell movements in vivo is limited. PDGF signaling is undoubtedly required for the spreading of various populations of cells in developmental processes. This includes spreading of oligodendrocyte precursors in the spinal cord, of neural crest mesenchymal cells toward the branchial pouches and cardiac outflow tract, and of pericytes along newly formed angiogenic sprouts. The mechanisms by which the cells spread, and how PDGF regulates this process, remain obscure for most of the situations, however. Recent studies in Drosophila, Xenopus, and mouse have demonstrated a role for PDGF/VEGF family members in directed cell migration in at least some developmental processes in vivo.
The mechanism of PDGF-A/PDGFR-␣-mediated mesodermal cell migration has been analyzed in some detail in Xenopus (Nagel et al. 2004) . Using an in vitro explant model and a range of genetic tools, it was demonstrated that the blastocoel roof establishes a matrix-bound gra-dient of PDGF-A (long splice version) along which the PDGFR-␣-positive mesodermal cells migrate directionally (Fig. 6 ). When graded signaling was disrupted experimentally, directional migration by mesodermal cells toward the animal pole was replaced by random migration (Nagel et al. 2004 ). This role for PDGF-A during Xenopus gastrulation resembles that of Drosophila PVF1 in the guidance of border cell migration in the egg chamber (Duchek et al. 2001) . Also, there signaling is paracrine, with PVF1 expressed in the oocyte and PVR in the border cells. The border cells move as an aggregate from which a single cell takes a lead position by extending a long cellular protrusion in the direction of the migration of the cell aggregate. The directionality of this process depends on spatially graded signaling exerted by PVF1 (Fulga and Rørth 2002) in concert with the Drosophila EGFR ligands Keren and Spitz (McDonald et al. 2006) . Specific misexpression of PVF1 misdirects the border cells to new locations (McDonald et al. 2003) . However, uniform misexpression of PVF1 abolishes formation of the cellular protrusion and disrupts directionality of the migration, similar to the effect of uniform PDGF-A misexpression in the Xenopus blastocoel roof. These two examples of PDGF/PVF-induced cell migration are analogous to the role of VEGF-A in endothelial sprout guidance during angiogenesis. There, graded distribution of VEGF-A directs filopodial extensions and migratory behavior of endothelial tip cells, resulting in proper orientation of the angiogenic sprouts (Ruhrberg et al. 2002; Gerhardt et al. 2003) . Thus, the ability to guide cell migration through the formation of growth factor gradients in the extracellular space appears to be common to several members of the PDGF/VEGF family, and conserved between vertebrates and invertebrates (Fig. 6 ).
PDGF signaling in organogenesis
During post-implantation development, PDGF-A expression occurs in epithelia, nervous tissue, myotome, and vascular and visceral smooth muscle. PDGFR-␣, in contrast, is expressed by most mesenchymal cell populations, and often in a reciprocal pattern compared with PDGF-A (for review, see Ataliotis and Mercola 1997; Hoch and Soriano 2003) . A few sites of epithelial PDGFR-␣ expression have been noticed; e.g., lens epithelium (Reneker and Overbeek 1996) , limb apical ectodermal ridge, and the early epithelial somite (Soriano 1997) .
Analysis of various gene-targeted and transgenic models for PDGF-A and PDGFR-␣ demonstrates the importance of PDGF-A as an epithelium-derived factor promoting proliferation and spreading of nearby located PDGFR-␣-positive mesenchymal cells. Thus, PDGF-A/ PDGFR-␣ is a common signaling pair in epithelial-mesenchymal interaction, acting in concert with other signaling molecules such as hedgehogs, FGFs, BMPs, and Wnts. The complex reciprocal signaling involved in tissue induction should be kept in mind, as some of the phenotypes in PDGF-A or PDGFR-␣ mutants may reflect secondary consequences of the loss of mesenchymal cells that were primarily dependent on PDGF-A.
Lung and intestine-the formation of large specialized epithelial surfaces
Pdgfa
−/− mice that survive birth develop a lung emphysema-like condition reflecting a complete failure of alveolar septum formation (Boström et al. 1996) . Alveogenesis is a postnatal process in mouse, and it is driven by alveolar SMCs, which are missing in PDGF-A knockouts. These cells likely originate from clusters of PDGFR-␣-positive mesenchymal cells that form near the epithelial buds during the pseudoglandular stage of lung development. Subsequently, the cells detach from the clusters to spread into the walls of the alveolar sacs, where they participate in (or initiate the onset of) alveogenesis (Fig. 7A) . In PDGF-A knockouts, PDGFR-␣-positive mesenchymal cell clusters develop normally, but subsequent spreading of the cells to the alveolar saccules fails (Lindahl et al. 1997b; Boström et al. 2002) . This suggests that PDGF-AA, expressed by the lung epithelium, acts in paracrine mode to regulate the proliferation and migration of the PDGFR-␣-positive alveolar SMC progenitors. Transgenic gain-of-function approaches have also been used to study the role of PDGFs in the lung. Ectopic transgenic expression of PDGF-A, PDGF-B, and PDGF-C in distal lung epithelium resulted in two different phenotypes. Mice expressing PDGF-A or PDGF-C died perinatally as a result of enlarged lungs with thickened mesenchyme and poorly differentiated cells (Li and Hoyle 2001; Zhuo et al. 2006 ). This phenotype likely reflects massive overproliferation of PDGFR-␣-positive alveolar SMC progenitors. PDGF-B expression provided a different lung histology, comprising enlarged airspaces, inflammation, and fibrosis (Zhuo et al. 2006) . This is somewhat surprising since PDGF-B should be able to activate PDGFR-␣ and thereby produce the same severe lung phe- notype as the PDGF-A and PDGF-C transgenes. These differences may therefore reflect the different extracellular distribution and bioavailability of the different PDGFs, as discussed previously.
PDGF-A knockout mice also develop abnormally few and generally misshapen gastrointestinal villi. Villus formation is preceded by proliferation and clustering of PDGFR-␣-positive cells subjacent to the epithelium (Fig.  7B) . As the villus grows in length, the PDGFR-␣-positive cells detach from the cluster and distribute as a single mesenchymal cell layer lining the basement membrane. The exact role of these cells in intestinal villus formation is not understood. However, PDGF-A/PDGFR-␣ signaling appears to secure renewal of this population of cells during the consecutive waves of villus formation that take place during intestinal development . Clustering of PDGFR-␣-positive cells coincides with proliferative quiescence and onset of BMP2 and BMP4 expression by these cells . These BMPs likely signal to adjacent villus epithelial cells expressing BMPR1a. Transgenic expression of the BMP inhibitor noggin in intestinal epithelium led to ectopic formation of intestinal crypts (Haramis et al. 2004) , as well as to increased epithelial expression of PDGF-A, and increased mesenchymal growth (Batts et al. 2006 ). This suggests that BMP expression by the villus cluster serves to restrict de novo crypt formation and mesenchymal expansion. However, the role of BMPs during gastrointestinal development is likely more complex. Transgenic models with early onset noggin expression in the intestinal epithelium show a different phenotype involving reduced villus numbers, resembling that in PDGF-A knockouts (Batts et al. 2006 ). Thus, BMPs may have different roles at different stages of gastrointestinal development.
Endodermal derivatives such as lung and gut are classical sites for inductive epithelial-mesenchymal interactions. The specific expression patterns for PDGF-A and PDGFR-␣ combined with the mouse knockout phenotypes suggest a general role for endodermal epitheliumderived PDGF-A to promote proliferation (and possibly also migration and differentiation) of specific populations of mesenchymal cells that drive morphogenesis of lung alveolar septa and intestinal villi. Both these processes involve folding of the epithelial surface and the formation of a vascularized mesenchymal core of each fold. Alveolar and intestinal surface areas are severely compromised in pdgfa −/− mice as a result of hypoplasia of the specialized PDGFR-␣-positive mesenchymal cells. PDGF-A/PDGFR-␣ signaling is therefore instrumental in the formation of large surfaces for specialized interaction and molecular exchange with the environment; i.e., respiration and absorption (Fig. 7A,B) .
Skin
PDGF-A and PDGFR-␣ have been implicated in development of the dermis, both in mice through genetic analyses (Betsholtz 2004) and in Xenopus using PDGFR-inhibiting substances (the TK inhibitor AG1296 and soluble PDGFR-␣ ectodomains) (Utoh et al. 2003) . PDGF-A, PDGF-C, and PDGFR-␣ mouse knockouts all display dermal defects. PDGFR-␣-null mice show severe dermal mesenchymal hypoplasia and skin blistering (Soriano 1997) . A similar but milder phenotype is observed in PDGF-C knockouts (Ding et al. 2004) . Postnatal PDGF-A-null mice show progressive loss of dermal mesenchyme and reduced hair development . Conversely, dermal injection of PDGF-AA or PDGF-BB in mice triggers resting hair follicles to enter the hair growth cycle (Tomita et al. 2006) . The role of PDGF-A in the developing skin appears to be to secure the renewal of PDGFR-␣-positive mesenchymal cells that are consumed as they are recruited to hair follicles to become dermal papillae and dermal sheaths ( Fig. 7C ; Karlsson et al. 1999) .
Testis
During embryonic testicular development, tubular epithelial cells express PDGF-A, whereas interstitial mesenchymal cells express PDGFR-␣. Postnatal pdgfa −/− mice display reduced testicular size and show loss of adult Leydig cells, reduced circulating testosterone, and disrupted spermatogenesis (Gnessi et al. 2000) . This phenotype could be explained with the failure of development of the adult Leydig cells, the mayor testosteroneproducing cells of the postnatal mammal ( Fig. 7D ; Gnessi et al. 2000) . Studies of the PDGFR-␣-null embryos revealed a more severe testicular phenotype involving a deficiency also in the fetal population of Leydig cells. This may be explained by an early overlapping function of PDGF-A and PDGF-C, both of which are expressed in the fetal male gonad (Brennan et al. 2003) . It is not yet clear if lack of PDGF-A/C leads to Leydig cell deficiency entirely through proliferative arrest and progressive depletion of Leydig cell precursors, or if PDGFR signaling also controls Leydig cell differentiation.
Kidney
The interstitial kidney mesenchyme expresses PDGFR-␣, and PDGFR-␣-null mice show severe mesenchymal hypoplasia in the embryonic kidney. Formation of interstitial kidney mesenchyme seems to occur through the combined activity of PDGF-A and PDGF-C, which are expressed in different parts of the developing kidney (Li et al. 2000) . Neither individual knockout for PDGF-A or PDGF-C showed any defect in the kidney mesenchyme, but the double PDGF-A/C knockout phenocopied the PDGFR-␣-null mutant kidney phenotype (Li et al. 2000; Ding et al. 2004 ).
Lens
Autocrine PDGF-A-PDGFR-␣ expression occurs in lens epithelium and appears to play a role during lens development. Transgenic overexpression of PDGF-A in the lens leads to hyperproliferation and ectopic differentia-tion of the lens epithelium into lens fiber cells (Reneker and Overbeek 1996) . In vitro studies confirmed that PDGF can induce proliferation in lens epithelium, but that the differentiation into fiber cells required the presence of FGF (Kok et al. 2002) . PDGFR-␤ is also expressed in the lens, and PDGF-D was recently found to be expressed in the iris and ciliary body leading to accumulation of PDGF-D protein in aqueous humor. In eye anterior segment organ culture, anti-PDGF-D specifically and potently inhibited lens epithelial cells proliferation, suggesting that PDGF-D secreted from the iris/ciliary body regulates lens epithelial proliferation (Ray et al. 2005) .
Role of PDGFs in glial cell development and neuroprotection
Oligodendrocytes are the myelin-forming glia cells of the CNS. PDGFR-␣-positive OPs originate as bilateral rows of cells along the spinal cord central canal around E12 in the mouse (Pringle and Richardson 1993) . PDGFR-␣ signaling is not required for the specification of OPs, but the further proliferation and spreading of OPs in the CNS depend on PDGF-A signaling through PDGFR-␣ ( Fig. 7E ; Calver et al. 1998; Fruttiger et al. 1999) . Studies using PDGFR-␣ signaling mutants implicate both Src and PI3K as critical mediators of OP proliferation (Klinghoffer et al. 2002) . Transgenic mice expressing different amounts of PDGF-A in the CNS have revealed that OPs proliferate until the growth factor becomes limiting; i.e., when OPs "consume" PDGF-A at a faster rate than it is produced (van Heyningen et al. 2001) . When available PDGF is limiting (or withdrawn experimentally), OPs differentiate into myelinating oligodendrocytes. PDGF-A drives not only the proliferation of OPs in the embryo, but it also determines the number of OPs in the adult brain (Woodruff et al. 2004) . Increased OP densities in the adult do not lead to enhanced remyelination following experimental demyelination, suggesting that the number of OPs is not limiting for myelin repair in adult mice. It is noteworthy that the normal number of OPs is also not limiting for myelination in wild-type mouse embryos. Instead, OPs are normally produced in excess numbers. pdgfa +/− mice become normally myelinated in spite of half the normal number of OPs. Only when the OP densities fall very low, as in the complete absence of PDGF-A, myelination deficiency becomes apparent (Fruttiger et al. 1999) . Available genetic data suggest that PDGF-A is a critical ligand for PDGFR-␣ in oligodendrocyte development. PDGF-A is expressed by neurons and astrocytes throughout the CNS and is constitutively released from neural cell bodies (Fruttiger et al. 2000) . PDGF-C is also expressed in the developing and adult CNS (Aase et al. 2002 ), but it is not known if it has a role for OP development.
PDGF-A and PDGFR-␣ appear to regulate also astrocyte recruitment in the developing retina. PDGF-A-null mice show retinal astrocyte hypoplasia , and mice ectopically overexpressing PDGF-A in the retina develop astrocytic hyperplasia (Fruttiger et al. 1996; Gerhardt et al. 2003) .
In vitro experiments have implicated PDGF signaling in neural development and function (Smits et al. 1991) . The patterns of expression of PDGFR-␣ and PDGFR-␤ in various populations of embryonic neuronal cells or progenitors and the expression of PDGF-B in postnatal neurons are consistent with such roles (for review, see Heldin and Westermark 1999; Hoch and Soriano 2003) . Neuron-specific ablation of PDGF-B was, however, not associated with apparent developmental abnormalities in the CNS or with changes in the astroglial response to local injuries . Neuron-specific ablation of PDGFR-␤ also did not produce apparent developmental defects. However, these mice showed exacerbated cerebral damage following certain brain injury experiments; e.g., cryogenic injury and NMDA-induced excitotoxicity (Ishii et al. 2006) . Conversely, PDGF administration to the CNS protected against NMDA-induced injury (Egawa-Tsuzuki et al. 2004 ). These studies suggest that PDGFR-␤ signaling might exert a neuroprotective function in the adult mouse. PDGF signaling, possibly through PDGFR-␣, has also been implicated in neuropathic pain following nerve injury (Narita et al. 2005) .
Preliminary evidence suggests that invertebrate PVFs play a role in glial development in both C. elegans and Drosophila. C. elegans VERs are expressed by CNS cells analogous to glia (Popovici et al. 2002) , and the Drosophila PVR is expressed by ventral midline glia (Cho et al. 2002) . The possible developmental roles of invertebrate PVRs remain to be elucidated, but the expression patterns of VERs/PVR and PVFs in the invertebrate CNS may suggest an evolutionarily conserved role for PDGF family members in neuronal/glia development. Since the PVFs are more similar to VEGFs than to PDGFs, it is worth pointing out that also the mammalian VEGFs have been implicated as neurogenic and/or neuroprotective molecules (for review, see Storkebaum and Carmeliet 2004; Greenberg and Jin 2005) . Targeted mutagenesis of the VEGF-A promoter region results in motoneuron death and the development of amyotrophic lateral sclerosis-like disease (Oosthuyse et al. 2001) . Recently, VEGF-C signaling through VEGFR-3 was shown to play a role in oligodendrocyte development (Le Bras et al. 2006) . Thus, an ancient role of a common PDGF/VEGF ancestor in neural development may have evolved into roles for both PDGFs and VEGFs in oligodendrocyte development and neuroprotection.
Development of the axial skeleton, palate, and teeth PDGFR-␣ is expressed throughout the early (epithelial) somites but becomes progressively localized to the sclerotome and dermatome as differentiation of the somite proceeds (Soriano 1997) . PDGF-A and PDGF-C are both expressed in the myotome (Orr-Urtreger and Lonai 1992; Ding et al. 2000; Aase et al. 2002) . PDGFR-␣-null embryos show abnormally shaped and sometimes fused somites, defects that correlate with later occurring abnormalities in ribs and vertebrae (Soriano 1997; Tallquist et al. 2000b ). The expression patterns of PDGF-A/C and PDGFR-␣ suggest paracrine interactions between myotome, sclerotome, and dermatome, but the exact role of these signals in somite formation and differentiation is unclear. A function in chondrogenesis has been suggested based on experiments with mouse and chick micromass explant cultures (Ataliotis 2000; Tallquist et al. 2000b) .
PDGFR-␣-null or PI3K signaling mutants develop skeletal abnormalities, including defective vertebral neural arch formation, which results in spina bifida (Soriano 1997; Klinghoffer et al. 2002) . PDGF-C appears to have a nonredundant role in vertebral development, since its ablation leads to spina bifida, although this defect is milder than that observed in PDGFR-␣ knockouts (Ding et al. 2004) . Double knockout of PDGF-A and PDGF-C leads to severe spina bifida similar to the ablation of PDGFR-␣. This suggests a role also for PDGF-A in vertebral development, but this role appears partially redundant with PDGF-C since PDGF-A-null mice have normal vertebrae (H. Boström and C. Betsholtz, 1996; unpubl.) .
PDGF-C-PDGFR-␣ signaling plays a critical role in the formation of the palate (Fig. 7F) . PDGFR-␣-null embryos show cleft face and cleft palate, and PDGFR-␣ PI3K signaling mutants display a fully penetrant cleft palate (Soriano 1997; Klinghoffer et al. 2002) . PDGF-C knockouts display cleft palate (fully penetrant in 129 sv genetic background) (Ding et al. 2004 ). PDGF-A-null mice show partially penetrant cleft palate, and the double PDGF-A/C knockout phenocopies the cleft face phenotype of PDGFR-␣ knockouts (Ding et al. 2004 ). Thus, as for vertebral development, palate formation appears to nonredundantly involve PDGF-C, whereas PDGF-A plays a role that is partially redundant with that of PDGF-C.
Why palatal shelves fail to fuse in PDGF-C-null embryos is not fully understood. PDGFR-␣ is expressed in the mesenchyme and PDGF-C in the palate epithelium, so the primary defect likely occurs in the mesenchyme. PDGFR-␣-deficient palatal shelves may fuse if placed side by side in organ culture . This suggests that absence of PDGFR-␣ (or PDGF-C) impairs apposition of the shelves in vivo, which is necessary for their subsequent fusion. A conspicuous loss of expression of MMP2 in the PDGFR-␣-deficient shelf mesenchyme may suggest that remodeling of extracellular matrix is a prerequisite for shelf apposition and fusion in vivo . Moreover, recent work in zebrafish suggests that PDGF-A mediates attraction of PDGFR-␣-positive cranial neural crest cells to the oral ectoderm, where crest-derived signals induce expression of hedgehog and the transcription factor pitx2 (Eberhart et al. 2008) . The same study identified a microRNA (Mirn140), which binds to the 3Ј untranslated region of the PDGFR-␣ mRNA and negatively regulates its translation (Eberhart et al. 2008) .
PDGF-A and PDGFR-␣ are reciprocally expressed during tooth morphogenesis. In the absence of PDGFR-␣, odontoblast proliferation and differentiation take place, but ECM formation is perturbed, leading to abnormal growth of the dental cusp. The mechanisms are unclear, but as in palate development, PDGFR-␣ may regulate MMP2 and extracellular matrix remodeling ).
Role of PDGF-B and PDGFR-␤ in the development of the cardiovascular system
In the mouse embryo, PDGF-B expression is concentrated to the developing vascular endothelium (Lindahl et al. 1997a) . PDGFR-␤ is expressed by perivascular mesenchymal cells likely representing vascular mural cell (vSMC and pericyte) progenitors . PDGF-B is particularly strongly expressed in tip cells of angiogenic sprouts and in the endothelium of growing arteries; i.e., at sites where pericytes are actively recruited and the vSMC population is expanding Gerhardt et al. 2003) . The spatio-temporal expression patterns of PDGF-B and PDGFR-␤ together with the results of endothelium-specific knockout of PDGF-B (Enge et al. 2002; Bjarnegård et al. 2004) suggest that PDGF-BB released from endothelial cells promotes recruitment and proliferation of adjacent mural cell progenitors (Fig. 7G) .
Pericyte and vSMC deficiency is seen in PDGF-B-and PDGFR-␤-null embryos already at the onset of angiogenic sprouting (e.g., at E10 in the developing CNS). The degree of loss of these cells differs between different organs. This likely reflects the role of PDGF-B/PDGFR-␤ as a selective rather than inductive signal in pericytes/ vSMC development. Induction of pericyte/vSMC differentiation from perivascular mesenchyme, as occurs, for example, around the early aorta, takes place independently of PDGF-B or PDGFR-␤. Genetic analysis instead implicates TGF␤ signaling in this step (for review, see Armulik et al. 2005) . In contrast, the recruitment of pericytes from a pre-existing pool of such cells, by means of comigration and proliferation, is completely dependent on PDGF-B/PDGFR-␤ signaling. This would explain the near-complete loss of pericytes in organs such as the CNS in the absence of PDGF-B or PDGFR-␤.
In spite of severe mural cell hypoplasia, PDGF-B and PDGFR-␤ knockout embryos continue to develop until E16-E19, at which time widespread hemorrhage and edema cause embryonic lethality. Histological analysis at E14.5 and later revealed abnormal kidney glomeruli, capillary microaneurysms, cardiac muscle hypotrophy, and placental defects (Levéen et al. 1994; Soriano 1994; Lindahl et al. 1997a Lindahl et al. , 1998 Hellström et al. 1999; Ohlsson et al. 1999) . Lack of pericytes coincides with endothelial hyperplasia and an abnormally variable capillary diameter, suggesting that pericytes exert negative control of endothelial cell proliferation . Lack of pericytes also leads to excessive membrane folding and cytoplasmic protrusions at the luminal surface of the endothelial cells. This suggests that pericytes control distribution of plasma membrane between the luminal and abluminal sides of the endothelium. The loss of a smooth luminal endothelial surface and the variable vessel diameter likely impairs perfusion, leading to hypoxia and secondary vascular defects .
In kidney glomeruli and in the labyrinthine layer of mouse placenta, failure of recruitment of pericytes to the newly formed blood vessels generates specific and highly similar vascular defects. Normally, both organs develop complex networks of capillaries, which create the large surfaces needed for filtration/excretion in the kidney and excretion/absorption in the placenta. In PDGF-B and PDGFR-␤ knockout kidneys, mesangial cells are not properly recruited into the developing glomerular tufts, and as a consequence capillary branching fails (Levéen et al. 1994; Soriano 1994; Lindahl et al. 1998) . These data identify PDGFR-␤-positive mesangial cells as a primary target for endothelium-derived PDGF-BB in glomerular development (Fig. 7H) . The pericyte loss in PDGF-B and PDGFR-␤ knockouts is less severe in the placenta than in the kidney, but nevertheless dramatically affects the shape of the blood vessels (Ohlsson et al. 1999 ). The vascular phenotypes of PDGF-B-or PDGFR-␤-deficient kidney and placenta suggest that mesangial cells and placenta pericytes control capillary branching, possibly through intussusceptive vessel splitting.
Most of the defects of PDGF-B and PDGFR-␤ knockout mutants appear secondary to the mural cells' hypoplasia and resulting vascular defects. However, recent analyses of the complex heart phenotype in PDGF-B and PDGFR-␤ knockout embryos suggest a general problem with epicardial derivatives. This leads to complex malformations including ventricular septum defects and abnormal development of the atrioventricular valves (Van den Akker et al. 2008) . Combined with the PDGF-B/ PDGFR-␤ expression patterns in the developing heart (Van Den Akker et al. 2005), these defects suggest that PDGF-B produced by developing coronary endothelium and endocardium may play a role in epicardial epithelial-tomesenchymal transition (EMT) and recruitment of epicardium-derived mesenchymal cells into the myocardium.
PDGFs in hematopoietic development
In Drosophila embryos, PVR signaling is required for the spreading of hemocytes, precursors of the blood cell lineage. Lack of functional PVR causes stalling and clustering of hemocytes along their normal migratory route (Cho et al. 2002) . This phenotype was initially interpreted as a migration defect, but later studies have shown that the hemocyte stalling and clustering are caused mainly by apoptotic cell death of hemocytes followed by phagocytic engulfment by macrophages (Brückner et al. 2004 ). These observations are relevant in light of the problems to interpret cell-spreading defects in mice lacking PDGF-A or PDGF-B. It is possible that the failed spreading of oligodendrocytes, alveolar SMC, and pericytes in PDGF-A and PDGF-B knockouts, as discussed above, does not result from lack of directed migration but rather from increased apoptosis, decreased proliferation, or premature differentiation (or even complex secondary phenomena), either of which may disrupt cell spreading along specific paths. Further analyses of the fate of the alveolar SMC and pericyte progenitors are needed to distinguish between these possibilities.
In addition to the major role of PVR in hemocyte survival, a role in migration was indeed indicated through survival rescue experiments (Brückner et al. 2004) . Additional studies further demonstrated that PVF2 and PVF3 expressed in the CNS, and PVF2 expressed along the dorsal vessel, drive hemocyte migration along these structures (Wood et al. 2006 ). PVF1 appears unable to redirect hemocyte migration (Cho et al. 2002) , and PVF2 (but not PVF1) drives hemocyte proliferation (Munier et al. 2002) . The PVF selectivity in hemocyte development (PVF2 and PVF3) is thus opposite to that in border cell migration (discussed above), where PVF1 is the active ligand. How two different PDGF/VEGF ligands can produce cell type-specific responses via the same receptor is presently unclear, but a coreceptor involvement, similar to that of the neuropilins 1 and 2 for the mammalian VEGF receptors, seems plausible.
Whereas mammalian VEGF is clearly involved in hematopoietic development , the role for PDGF signaling is less obvious. PDGF-B and PDGFR-␤ knockout mice show hematological defects (Levéen et al. 1994; Soriano 1994 ), but lethally irradiated recipients of PDGF-B or PDGFR-␤-deficient hematopoietic stem cells have normal hematopoiesis (Kaminski et al. 2001 ). This suggests that the hematological disturbances observed in the knockout embryos are secondary to the vascular problems. However, a role for PDGFR signaling in the early differentiation of hematopoietic/ endothelial precursors is suggested from genetic and pharmacological gain-of-function experiments (Rolny et al. 2006) . This study identified a transient PDGFR-␤-positive hemangioprecursor cell, which responds to PDGF-B by differentiating toward an endothelial fate at the expense of hematopoietic differentiation. These data may also resolve some of the conflict results about PDGFR-␤ expression in endothelial cells (Heldin and Westermark 1999) , since there may be instances when PDGFR-␤ expression ensues in endothelial cells (such as upon in vitro culturing), although it appears that differentiated endothelial cells do not normally express PDGFR-␤ in vivo.
PDGF and disease
PDGF functions have been implicated in a broad range of diseases. For a few of them-i.e., some cancers-there is strong evidence for a causative role of PDGF signaling in the human disease process. In these cases, genetic aberrations cause uncontrolled PDGF signaling in the tumor cells. There are also numerous examples of disease processes in animal models where a functional role for PDGF signaling has been demonstrated through genetic or pharmacological loss-of-function approaches. Typically, different PDGF pathway inhibitors have been used to reverse the disease process. The limitation with most of these studies is that the applied inhibitors are not completely specific. For many of the animal models, the relevance for the corresponding human diseases is also unclear. For yet a number of diseases, the evidence for involvement of PDGF signaling is purely correlative, or inferred from phenotypes caused in transgenic animals by ectopic PDGF overexpression. Keeping the limitations of these studies in mind, evidence for the involvement of PDGF signaling in several disease processes is growing rapidly. With potent and nontoxic PDGFR inhibitors at hand (such as imatinib), current ideas about causative roles of PDGF signaling in disease can now be put to the test also in humans.
Below, we tentatively divided diseases in which PDGFs are implicated into three groups-tumors, vascular diseases, and fibroses. These groupings are clearly not definitive and the PDGF-driven pathogenic processes in the various diseases are sometimes common; e.g., the formation of fibrotic reactions in conjunction with tumors and chronic inflammatory conditions. In general, two types of cells appear to respond in a pathological fashion to PDGFs-SMCs and fibroblasts-promoting vessel wall pathologies and fibrotic tissue scarring, respectively. Another general remark is that PDGFR-␤ appears to be the dominant PDGFR involved in vascular pathology, whereas growing evidence instead suggests a pivotal role for PDGFR-␣ signaling in various types of mesenchymal cell/fibroblast-driven pathologies. These differential pathological roles for the two PDGFRs resemble the developmental roles summarized above, in which PDGFR-␤ signaling has a key role in vascular mural cell formation, whereas PDGFR-␣ has both general and specific roles in the development of various mesenchymal and fibroblastic cell compartments.
PDGF signaling in tumor biology
In their review on the hallmarks of cancer, Hanahan and Weinberg assign six acquired capabilities to cancer cells-self-sufficiency in growth signals, insensitivity to anti-growth signals, escape from apoptosis, sustained angiogenesis, tissue invasion and metastasis, and limitless replicative potential (Hanahan and Weinberg 2000) . Numerous studies have demonstrated that self-sufficiency in growth signals may be established for certain cell types through autocrine growth stimulatory loops involving PDGF-B/PDGFR-␤ signaling ( Fig. 8 ; for review, see Heldin and Westermark 1999) . Autocrine PDGF stimulation in vitro has the same effects as prolonged exogenous PDGF stimulation of the same cells (Johnsson et al. 1985 ) and therefore does not provide a cell with a full repertoire of malignant behaviors. By injecting PDGF-B-producing retroviruses into the mouse brain, it was recently established that PDGF stimulation cooperates with other genetic changes caused by retroviral insertions in order to induce a fully malignant tumor phenotype (Uhrbom et al. 1998) . Thus, in the simplest scenario, autocrine PDGF signaling contributes to tumorigenesis by driving proliferative expansion of clones of preneoplastic and/or genetically unstable cells, which become fully malignant through further genetic alteration. However, a more multifaceted role of PDGFs in cancer biology is now emerging. In addition to providing a cell-autonomous proliferative stimulus, autocrine PDGF signaling seems to play a role also in the invasion and metastasis of certain epithelial cancers. Furthermore, paracrine PDGF signaling likely plays a role in the recruitment of different types of stromal cells. The importance of tumor angiogenesis in the supply of oxygen and nutrients to the expanding tumor mass is well established. Recent studies also highlight the possible influence of the vascular stroma on metastasis, as well as of nonvascular stroma cells on neoplastic cells growth, survival, and metastasis (Fig. 8) . Moreover, by regulating stroma cell functions, PDGF signaling may limit drug delivery to tumors through effects on interstitial tissue pressure. Based on current experimental evidence, PDGF signaling may therefore be implicated causally (and hence constitute a putative drug target) in at least three of the six Hanahan/Weinberg's cancer cell traits-selfsufficient growth, angiogenesis, and metastasis-and furthermore in resistance to cytotoxic therapy.
Autocrine PDGF signaling in cancer-the case of glioblastoma
Autocrine PDGF loops have been proposed to play a role in different types of malignant brain tumor of glial origin (gliomas). Virtually all tested human glioma cell lines and fresh tumor isolates express multiple PDGFs and PDGFRs (Nistér et al. 1988; Hermanson et al. 1992) , especially PDGF-A, PDGF-C, and PDGFR-␣, which are almost ubiquitously found, but also PDGF-B, PDGF-D, and PDGFR-␤ (Lokker et al. 2002) . In various experimental systems, overexpression of PDGFs has been shown to cause the formation of glioma-like tumors (Uhrbom et al. 1998; Dai et al. 2001) . Inhibition of PDGF/PDGFRs has been shown to slow down glioma cell growth in experimental models (Uhrbom et al. 2000; Lokker et al. 2002; Servidei et al. 2006) . Inhibitors of PDGFR signaling, such as imatinib, have recently entered clinical trials for high-grade glioma patients (Newton 2003) .
The mechanism by which PDGF expression is activated in gliomas is poorly understood. TGF␤ pathway activation was demonstrated to correlate with high proliferation and poor prognosis in gliomas. In search of mechanisms, it was found that TGF␤ signaling through Smad2/3/4 activates PDGF-B transcription and secretion, and that the effect of TGF␤ on glioma cell proliferation depends on PDGF-B/PDGFR signaling (Bruna et al. 2007 ). This confirms earlier indications that PDGF might be involved in the response to TGF␤ in glioma (Jennings et al. 1997) . The response to TGF␤ correlated with the methylation status of the PDGF-B gene. These results demonstrate that the proliferative response to TGF␤ in human glioma, and perhaps also the poor prognosis associated with TGF␤ pathway activation in this disease, is mediated by PDGF-B expression and function. In part, this may be dictated by absence of epigenetic silencing of the PDGF-B gene.
Perhaps the most interesting scenario from both biological and therapeutic standpoints would be if glioma tumor stem cells respond to PDGFs. Data in support of such a scenario were recently published (Jackson et al. 2006) . Adult neural stem cells in the subventricular zone, capable of generating both oligodendrocytes and neurons, were shown to express PDGFR-␣ and respond to PDGF by proliferation, leading to the formation of glioma-like hyperplasias. Neuroepithelial cells express PDGFR-␣ as early as E8.5 (Andrae et al. 2001) , but the role of PDGFR-␣ at this time of development is not well understood. However, PDGFR-␣-positive stem cells capable of generating oligodendrocytes develop later, and some of them are retained throughout life. It is therefore an intriguing possibility that adult PDGFR-␣-positive stem cells constitute the cellular origin of gliomas and that the autocrine PDGF/PDGFR loops operating in such tumors reflect a normal role for PDGFs in regulating self-renewal and differentiation in this stem cell population.
Mutations in PDGF and PDGFR genes leading to autocrine PDGF signaling in cancer
There are several ways by which genetic alterations may lead to overexpression or altered function of the gene product in tumors; e.g., gene amplification, translocation, and activating mutations. All of these have been described in human tumors with high PDGF expression (Fig. 9) .
There are several reports on PDGFR-A amplifications, especially in glioblastomas (Fleming et al. 1992; Hermanson et al. 1996) . Here, overexpression of PDGFR-␣ appears to precede amplification of the gene. Up-regulation of PDGFR-␣ protein is detected in most gliomas of all malignant grades, the more malignant the higher expression. In the most malignant form, gene amplification occurs in a subset of the tumors (Hermanson et al. 1996) . PDGFR-A amplifications have also been described in anaplastic oligodendrogliomas (Smith et al. 2000) , esoph- ageal squamous cell carcinoma (Arai et al. 2003) , and pulmonary artery intimal sarcomas (Zhao et al. 2002) . It should be kept in mind that the amplification of a gene does not prove its involvement in the disease processanother gene within the amplicon might instead be critical. A high frequency of amplifications within a specific group of tumors implies a role in tumor development, however, suggesting that further studies of pulmonary sarcomas could be of interest (Zhao et al. 2002) . This study comprised only eight patients, but PDGFR-A amplifications were found in five of them.
Most GISTs carry activating mutations in the Kit receptor tyrosine kinase, and imatinib is currently used to treat these patients. In a subset of GISTs with wild-type Kit, gain-of-function mutations in PDGFR-A have been detected (Heinrich et al. 2003; Hirota et al. 2003) . Kit and PDGFR-␣ mutations are mutually exclusive, and 85%-90% of all GISTs carry one of the two mutations. PDGFR-␣ mutations are found either in the juxtamembrane region or in any of the two TK domains and lead to constitutive activation of the receptor. Signaling through PI3K and STAT3 is thought to be of most importance for this activation (for review, see Ali et al. 2007) . DP is a rare, slow-growing, infiltrative dermal sarcoma. More than 95% of all DPs have a unique translocation of the PDGF-B gene, which results in a fusion of collagen type 1 ␣1 chain (COL1A1) and PDGF-B genes, such that the PDGF-B exon 2 ends up under the control of the COL1A1 promoter (Simon et al. 1997) . This results in overexpression of PDGF-B in skin fibroblasts (which normally strongly express COL1A1), creating an autocrine stimulatory loop that drives cell proliferation and fibrosis (for review, see Sirvent et al. 2003) . The role for active PDGFR signaling in DP is supported by experiments in culture and animals. When transplanted onto mice, DP tumor growth is inhibited by imatinib (Sjöblom et al. 2001) .
Most translocations involving PDGFRs result in a constitutively active receptor. In myeloid disorders and leukemias, at least six different translocations of the PDGFR-B gene have been reported (Sirvent et al. 2003) . Most of these have only been found once, but the ETV6-PDGFR-B fusion gene has been identified >30 times and has also been more extensively characterized (Golub et al. 1994) . The ETV6-PDGFR-B fusion results in a protein containing the transmembrane and catalytic intracellular part of the receptor, a protein that cannot bind to PDGF but is nevertheless constitutively active. Fusion of the FIP1L1 and PDGFR-A genes is found in a subset of patients with hypereosinophilic syndrome (HES) (Cools et al. 2003a; Griffin et al. 2003) . HES is characterized by high levels of eosinophils, and in some patients, HES develops into acute leukemia. The FIP1L1-PDGFR-A fusion gene has been identified also in systemic mastocytosis (Pardanani et al. 2003) . The FIP1L1-PDGFR-A fusion protein is a constitutively active tyrosine kinase that can transform hematopoietic cells. Mice infected with retroviral FIP1L1-PDGFR-␣ develop myeloproliferative disease within a few weeks (Cools et al. 2003b ). The paradigm for constitutive activation of PDGFs through translocation-mediated fusion with other proteins is enforced dimerization mediated by the fusion partner. The constitutive activity of the FIP1L1-PDGFR-␣ fusion protein, however, is independent of FIP1L1 and dimerization. Instead, it involves the deletion of an autoinhibitory PDGFR-␣ juxtamembrane domain (Stover et al. 2006) .
Autocrine PDGF signaling in epithelial cancers
Autocrine PDGF signaling has been implicated in glioblastomas and sarcomas (tumors supposed to originate from PDGFR-positive cells). PDGF production in carcinomas, which is frequently observed (Heldin and Westermark 1999) , is generally thought to act in a paracrine fashion to promote tumor stroma; i.e., mesenchymal cells and blood vessels (Pietras et al. 2003a; Furuhashi et al. 2004 ). However, the possibility also exists that autocrine signaling may play a role in carcinomas in conjunction with ectopic onset of PDGFR expression . Expression of PDGF has been found to correlate with advanced tumor stages and unfavorable prognosis in human breast carcinoma (Seymour et al. 1993) . Increased expression of PDGF pathway genes has also been correlated with EMT (Jechlinger et al. 2003) . Using PDGF-neutralizing antibodies, dominant-negative PDGFR expression, or imatinib, it was recently demonstrated that autocrine PDGF signaling maintains EMT and promotes metastasis in mouse mammary carcinoma ( Fig. 8 ; Jechlinger et al. 2006) . Thus, PDGF expression in epithelial cancers may have an unexpected role in EMT and tumor dissemination, but it remains to be established if this phenomenon is common or rare.
Paracrine PDGF signaling and the recruitment of tumor stroma
Tumor stroma consists of nonneoplastic cells (and extracellular matrix) recruited into the tumor from the circulation or neighboring normal tissue. The stroma makes up a variable proportion of the tumor mass-certain carcinomas may consist of >90% of fibrous stroma-and the cellular composition of the stroma varies as well. Usually, the stroma is divided into a vascular part consisting of endothelial cells and associated mural cells (tumor pericytes) and a fibrous component consisting of mesenchymal cells (tumor fibroblasts).
PDGF expression is commonly found in the neoplastic component of different human tumors. PDGFR expression is regularly found in the stromal compartment of carcinomas, including skin, breast, colorectal, lung, pancreas, prostate, ovarian, and others (for review, see Heldin and Westermark 1999; Ostman 2004) . Analyses of experimental tumors have confirmed the ability of tumor cell-derived PDGFs to contribute to the recruitment of both fibroblastic and vascular tumor stroma (Forsberg et al. 1993; Skobe and Fusenig 1998; Shao et al. 2000; Pietras et al. 2007 ). Through its effects on tumor stroma, PDGF signaling may directly or indirectly promote tumor growth, blood perfusion, metastatic dissemination, and drug resistance (Fig. 8) .
Vascular stroma-PDGFR-␤ expression in solid tumors occurs mainly in vascular mural cells. PDGF-BB or PDGF-DD expression in experimental fibrosarcoma or melanoma has been shown to enhance pericyte recruitment to tumor vessels, correlating with tumor vessel stabilization, tumor cell survival, and tumor growth Furuhashi et al. 2004 ). The importance of pericyte recruitment in tumor angiogenesis has also been indicated through studies of tumor growth in the RIP-Tag mice. In this model, it was demonstrated that pharmacological inhibition of PDGFR-␤ signaling in tumor pericytes synergized with the inhibition of VEGFR signaling in endothelial cells in suppressing tumor growth (Bergers et al. 2003) .
While the quantity of recruited pericytes may affect tumor vessel function and tumor growth, there are also recent notions that the quality of the pericyte coating may affect hematogeneous tumor dissemination. Increased metastasis was reported in mouse mutants where tumor pericytes detach from the vessels as a result of loss of HSPG binding of PDGF-B or NCAM deficiency ( Fig. 8 ; Xian et al. 2006) . Low pericyte coverage is commonly observed in tumor vasculature (Schlingemann et al. 1991; Hashizume et al. 2000; Abramsson et al. 2002) . Moreover, low expression of smooth muscle markers correlates positively with metastatic propensity in human solid tumors (Ramaswamy et al. 2003) . Based on these findings, it would appear dangerous to inhibit pericytes as part of an anti-tumor angiogenesis strategy, as it might simultaneously impair tumor vessel function and increase metastasis (Gerhardt and Semb 2008) . Further experiments are required to distinguish between possible benefits and drawbacks, with therapy aimed at inhibiting tumor pericyte recruitment.
Tumor fibroblasts-Tumor fibroblasts have for long been viewed as passive component of tumors. Emerging data suggest, however, that these cells may affect the malignant behavior of the neoplastic cells and contribute to tumor progression and resistance to therapy. It has been demonstrated that (PDGF-B-driven) recruitment of fibroblasts increases the progression of immortal human keratinocytes from a nontumorigenic to a tumorigenic phenotype (Skobe and Fusenig 1998) . Recent studies pinpointed hepatocyte growth factor as the likely mediator of this effect ( Fig. 8 ; Lederle et al. 2006) . Recruited fibroblasts may also contribute to tumor angiogenesis. Using vegfa gene-inactivated transplantable tumors, it was demonstrated that tumor cell-derived PDGF-AA promoted recruitment of PDGFR-␣-positive fibroblasts, which in turn produced VEGF-A and rescued tumor angiogenesis ( Fig. 8 ; Dong et al. 2004 ). The production of angiogenic growth factors by tumor fibroblasts may also explain why experimental PDGF-B overexpression in melanoma leads to prominent recruitment of both fibroblastic and vascular stroma components (Forsberg et al. 1993) . In preclinical models of human lung tumors, PDGF-A and PDGF-C were shown to recruit PDGFR-␣-positive tumor fibroblasts, thereby promoting tumor growth (Tejada et al. 2006) . PDGF-driven fibroblast recruitment was recently also demonstrated to drive tumor cell proliferation in a model of mouse cervical cancer, where the recruited fibroblasts secrete FGF2 and FGF7 ( Fig. 8 ; Pietras et al. 2007) . PDGFR inhibition by imatinib or PDGFR antibodies, or inhibition of the stroma-derived FGFs through ligand trapping, were both effective in reducing tumor growth in this model. Other studies have demonstrated the importance of cancer-associated fibroblasts in supporting tumor growth through secretion of SDF-1/CXCL12, which binds to CXCR4 on tumor cells (Orimo et al. 2005) . Also, cancer fibroblastderived CCL5/RANTES may enhance metastatic behavior of tumor cells ( Fig. 8 ; Karnoub et al. 2007 ). It may be anticipated (but remains to be established) that SDF-1-and CCL5-positive stromal fibroblasts are recruited into the tumors by tumor cell-derived PDGFs.
Interstitial tumor pressure-Solid tumors commonly display high interstitial fluid pressure (IFP), which reduces fluid convection rate across the capillary wall. Increased IFP has been suggested to interfere with drug uptake in malignancies. Earlier work suggested that PDGFR-␤ signaling could regulate IFP in normal tissues (Heuchel et al. 1999) . Consistent with a role of PDGF signaling also for tumor IFP, PDGFR inhibition by imatinib was shown to enhance uptake and/or anti-tumor effects of cytotoxic drugs (Pietras et al. , 2002 (Pietras et al. , 2003a Hwang et al. 2003 ; for review, see Heldin et al. 2004 ).
PDGF signaling in vascular disorders
Atherosclerosis and restenosis
PDGF expression has been reported in virtually every cell type of the atherosclerotic arterial wall, as well as in infiltrating inflammatory cells (for review, see Raines 2004) . All PDGFs (A-D) and, in particular, A and B have been found in atherosclerotic lesions at increased levels compared with the normal vessel wall (Raines 2004) . PDGFR-␣ and PDGFR-␤ are also expressed at increased levels in atherosclerotic vessel wall vSMCs. The mechanisms leading to increased PDGF and PDGFR expression in conjunction with atherosclerosis are not known. Several conditions associated with cardiovascular disease affect PDGF or PDGFR gene expression, such as increased blood pressure and ␣-adrenergic stimulation of the vessel wall, which enhances vascular PDGF-A expression (Majesky et al. 1990; Negoro et al. 1995) ; reduced endothelial shear stress, which induces both PDGF-A and PDGF-B (Mondy et al. 1997) ; and hypercholesterolemia, which dramatically increases PDGF-A and PDGF-B expression in circulating mononuclear cells (Mondy et al. 1997) .
In the response-to-injury hypothesis of atherosclerosis pathogenesis, PDGF released from aggregating platelets at sites of endothelial injury was assigned a key role in the migration of vSMC from the media into the intima, as well as in the subsequent proliferation of the vSMCs at this site (Ross and Glomset 1976; Ross 1993) . The current view of atherogenesis is, however, that of a local chronic inflammation. Lipoprotein retention and the infiltration and activation of different types of immune cells are believed to play key roles (Figure 10 ; Hansson 2005) . PDGF is one of many factors secreted in the vessel wall by activated immune cells. A number of different gain-and loss-of-function experiments suggest a role for PDGF in animal models of atherosclerosis. Specifically, in different animal models of acute arterial injury by balloon catheterization, neointimal SMC accumulation was reduced by the administration of various PDGF pathway inhibitors, including neutralizing PDGF (AB) antibodies (Ferns et al. 1991; Lewis et al. 2001) , PDGF-B aptamers (Leppänen et al. 2000) , PDGFR kinase inhibitors (Banai et al. 1998; Yamasaki et al. 2001) , and PDGFR-neutralizing antibodies (Giese et al. 1999; Hart et al. 1999) . Restenosis following angioplasty of atherosclerotic vessels in minipigs (Bilder et al. 1999 ) and chronic cardiac transplant rejection-induced atherosclerosis in rats (Sihvola et al. 1999) were also inhibited by PDGFR-blocking kinase inhibitors. In ApoE-deficient mice, atherosclerotic lesions were inhibited by neutralizing PDGFR-␤ antibodies (Sano et al. 2001 ) and a PDGFR blocking kinase inhibitor (Kozaki et al. 2002) . Conversely, infusion of PDGF-BB (Jawien et al. 1992) or local transfection of a PDGF-B expression vector (Nabel et al. 1993) led to increased SMC proliferation and intima thickening in certain models of arterial injury. The LRP1 is a critical negative regulator of PDGFR-␤ in vSMC. This effect appears to be enhanced by ApoE. LRP1 inhibits PDGFR-␤ transcription (via TGF-␤) and promotes PDGFR-␤ degradation (via c-Cbl). The interplay between LRP1 and PDGFR-␤ is complex. PDGF-B may bind to LRP1, and PDGFR-␤ phosphorylates LRP1.
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Support for a functional role of PDGF-B and PDGFR-␤ in different aspects of atherosclerosis or restenosis has been obtained also using genetic models of PDGF-B or PDGFR-␤ deficiency. Analysis of mouse chimeras composed of pdgfrb +/+ and pdgfrb −/− cells demonstrated limited pdgfrb −/− cell contribution to the vSMC lineage (Crosby et al. 1998) , as expected given the critical role for PDGFR-␤ in vSMC development. Carotid ligation experiments in such chimeras demonstrated a low proportion of pdgfrb −/− cells in the neointima but an increased contribution to the media. This suggests impaired migration of vSMC from the media to the intima in the absence of functional PDGFR-␤ (Buetow et al. 2003 ). Another type of chimeric situation was obtained by bone marrow transplantations of PDGF-B-deficient marrow into lethally irradiated, ApoE-deficient recipients (Kozaki et al. 2002) . The lack of PDGF-B production by infiltrating inflammatory cells led to a small and transient inhibition of neointimal fibrous cap formation. The reason for the relatively modest effect may be that PDGF-B has the opposing effects (on atherosclerosis) of being anti-inflammatory, on the one hand, and stimulating vSMC proliferation in the vessel wall, on the other (Tang et al. 2005) .
One of the most striking results in support of a central role for PDGF-BB, PDGFR-␤, and SMC migration and proliferation in atherogenesis comes from studies of LRP1. LRP1 is a multifunctional transmembrane receptor, which is expressed by many cell types and binds a biologically diverse array of ligands. LRP1 is tyrosine phosphorylated in response to PDGF-BB. LRP1 binds PDGF-BB and coimmunoprecipitates with PDGFR-␤. Thus, biochemical data suggest a molecular interaction between PDGFR-␤ and LRP1, as well as PDGFR-␤-dependent tyrosine phosphorylation of LRP1 (Boucher et al. 2002; Loukinova et al. 2002; Newton et al. 2005) . Cell culture data also suggest that ApoE binding to LRP1 inhibits PDGF-BB-induced phosphorylation of LRP1 and PDGF-BB-dependent SMC migration and proliferation. SMC-specific knockout of LRP1 leads to a markedly enhanced atherosclerotic response in an LDL receptor-deficient background (Boucher et al. 2003) . This response was preceded by a dramatic increase in PDGFR-␤ expression and autophosphorylation in SMC. Thus, LRP1 normally limits PDGFR-␤ expression and function in vascular SMC. This function appears to involve at least two independent and synergizing mechanisms: (1) LRP1 inhibition of thrombospondin-mediated TGF␤ activation and signaling through Smad2/3, leading to decreased PDGFR-␤ expression (Boucher et al. 2007) ; and (2) LRP1-dependent endocytosis and c-Cbl-mediated ubiquitinylation of PDGFR-␤ (Takayama et al. 2005) . Inhibition of PDGFR signaling by imatinib had a major protective effect on atherosclerosis development in SMC-specific LRP1 knockouts. These results demonstrate an atheroprotective role of LRP1, which appears to be mediated, fully or partially, through suppression of PDGFR-␤ expression and signaling in vSMC (Fig. 10B) .
Pulmonary hypertension
Pulmonary arterial hypertension (PAH) is a severe condition that may lead to right cardiac ventricular failure and death. The etiology and pathogenesis of PAH is poorly understood. Pulmonary artery vSMC hyperplasia is a hallmark of the disease, and up-regulated expression of PDGFs and PDGFRs has been correlated with PAH in various experimental animal models (Humbert et al. 1998; Balasubramaniam et al. 2003) and in humans (Schermuly et al. 2005) . The basis for increased PDGFR signaling in PAH is unknown. However, recent data may provide links to ApoE and adiponectin. The combined action of ApoE deficiency and insulin resistance (leading to lower adiponectin levels) promoted development of PAH in mice. This correlated with the ability of ApoE and adiponectin to suppress proliferation of pulmonary artery vSMC (Hansmann et al. 2007 ). Both these proteins inhibit PDGF signaling in pulmonary vSMC. ApoE promotes down-regulation of PDGFR-␤ (Boucher et al. 2003) , perhaps through binding to LRP1, as suggested for aortic vSMC (see above and Fig. 10B ). Adiponectin appears to bind PDGF-B and scavenge it (Arita et al. 2002; Wang et al. 2005) .
The cellular origin of the proliferative pulmonary artery vSMC in PAH remains unclear. Increased expression of PDGFR-␤ in PAH has been observed in perivascular fibroblast-like cells, suggesting that these cells may differentiate into SMCs in conjunction with pulmonary hypertension (Jones et al. 2006) .
Imatinib was recently shown to reverse experimental hypertension in two animal models of PAH (Schermuly et al. 2005) . A promising preliminary result with imatinib has also been presented in a human case of PAH . Imatinib reverted pulmonary arterial vSMC proliferation and neointima formation, processes linked to PDGF signaling in other vascular beds. The effects of imatinib on PAH may thus reflect inhibition of PDGFR signaling. As mentioned, imatinib is not a completely specific inhibitor of PDGFRs, but the other known targets of the drug (Abl, Kit, and Flt3) have not been implicated in vSMC growth. The therapeutic effects of imatinib in the animal models of PAH were better and the side effects smaller than those observed with previously attempted therapies (Schermuly et al. 2005) .
Retinal vascular disease
A pathogenic role for PDGF-B has been implicated in ischemic retinopathies such as proliferative diabetic retinopathy, proliferative vitreoretinopathy, and choroidal neovascularization. Intraocular injection of PDGF-B-inhibiting aptamers was shown to protect against retinal detachment in a rabbit model of proliferative retinopathy . Inhibition of PDGFR signaling by antibodies or imatinib was also shown to enhance the therapeutic effect of anti-VEGF-A treatment in multiple mouse models of ocular neovascularization (Jo et al. 2006) . Somewhat conflicting results have been obtained in other studies, however. Imatinib treatment of a rat ROP model increased VEGF and VEGFR levels and promoted pathological angiogenesis (Wilkinson-Berka et al. 2004) . Focal neovascular retinal disease resembling proliferative diabetic retinopathy has also been reported in two different mouse mutants with PDGF-B deficiency and accompanying loss of retinal pericytes (Enge et al. 2002; Lindblom et al. 2003) . Lack of one copy of the pdgfb gene also enhanced retinal pericyte loss and endothelial death in conjunction with diabetes in mice . Taken together, these studies suggest that PDGF-B may play a role in the pathogenesis of vitreoretinopathy, while pericyte loss (caused by PDGF-B deficiency) may trigger the development of a diabetic retinopathy-like condition. Pericyte loss is a hallmark of human diabetic retinopathy (for review, see Betsholtz 2004 ) and may be causally involved in its pathogenesis, as suggested by the animal studies, but it is not known if diabetes-induced pericyte loss reflects changes in PDGF signaling in the retina.
Role of PDGF signaling in fibrotic diseases
Chronic fibrotic changes may occur in several different organs and organ systems. PDGF signaling has been implicated in several fibrotic conditions and is assumed to play a role in driving proliferation of cells with a myofibroblast phenotype. Tissue fibrosis also involves excessive deposition of extracellular matrix, which may in part reflect increased PDGF activity, but likely also increased TGF␤ function. Together, excessive mesenchymal cell proliferation and matrix deposition lead to tissue scarring and progressive loss of organ function.
Evidence for a role of PDGF signaling in human fibrotic disease is mainly circumstantial and correlative. However, as discussed below, a causative role in several animal models of lung and cardiac fibrosis and glomerulosclerosis has been demonstrated by specific loss-and gain-of-function approaches. Also, provocative new results suggest that PDGFR-activating autoantibodies may participate in autoimmune fibroses. An emerging picture common to most fibrotic diseases is that inflammatory cells such as activated macrophages release PDGFs. The same cells also produce inflammatory cytokines that promote up-regulation of PDGFRs on mesenchymal cells (for review, see Bonner 2004) . As a result, PDGFmediated proliferation of mesenchymal cells may be a hallmark of all chronic inflammations (Fig. 11) .
Pulmonary fibrosis (PF)
PF involves the proliferation of myofibroblasts in alveolar walls, pulmonary blood vessels, and bronchi. In humans, PF may occur as a result of different types of environmental exposures leading to acute toxic or chronic inflammatory responses in the lung. Chronic allergic reactions (asthma), chronic pulmonary transplant rejection, or idiopathic causes may also lead to PF. Most human PFs have been associated with increased PDGF levels in the lung tissue or bronchoalveolar lavage fluid. These results have been confirmed in a variety of rodent models of lung injury and fibrosis (Bonner 2004) . Studies in animal models have also revealed that lung fibroblasts respond to PDGFs by increased proliferation and cell migration. Alveolar macrophages appear to be the principal source of PDGF (mainly B) in PF (Martinet et al. 1987; Antoniades et al. 1990; Bonner 2004) . PDGF-A and PDGF-C expression has also been detected in other cell types in the injured or fibrotic lung (Homma et al. 1995; Zhuo et al. 2004) . The mechanisms that mediate enhanced PDGF ligand expression in the process of PF are poorly understood. However, inflammatory cytokines such as IFN-␥, IL-1␤, and IL-13 have been implicated (Bonner 2004) . Both PDGFR-␣-and PDGFR-␤-mediated signals have been assigned roles in PF. PDGFR-␣ is strongly up-regulated in the lung mesenchyme in response to inflammatory mediators such as IL-1␤ and TGF-␤ (Fig. 11A) . Up-regulated PDGFR-␣ has also been observed in the lung as a response to a number of environmental factors, including asbestos and air pollution particulates ( Fig. 11A ; Bonner et al. 1993) . PDGFR-␤ expression in the lung appears constitutive and unaffected by inflammatory stimuli, but may nevertheless play a role in mediating fibroproliferative responses alone or in heterodimer configuration with PDGFR-␣. These expression data suggest that PDGF-induced signals may constitute a target for treatment of PF. Support for such a concept has been obtained in animal models. Three distinct TK inhibitors, which all potently inhibit PDGFRs but have otherwise different selectivity profiles (SU9518, SU11657, and imatinib), were all shown to reduce lung fibrosis and increase life span in a model of radiationinduced lung injury (Abdollahi et al. 2005 ). In this model, all four PDGFs were up-regulated. In another study, mesenchymal cell proliferation and collagen accumulation were reduced by the PDGFR TK inhibitor AG1296 in a model of metal-induced lung fibrosis (Rice et al. 1999) .
Liver fibrosis
Liver fibrosis (and its end stage cirrhosis) has a variety of causes, including drugs, alcohol, infections, metabolic changes, and idiopathic etiologies. The key fibrogenic cells are the stellate cells, which are sinusoidal vessel pericytes. Quiescent stellate cells are normally negative for PDGFR-␤, and, unlike other pericytes, they do not depend on PDGF-B or PDGFR-␤ for their development . PDGFR-␤ expression is, however, turned on in activated stellate cells both in vitro and in vivo in animals and humans ( Fig. 11B ; for review, see Bonner 2004 ). This transition renders stellate cells highly responsive to PDGF-B and PDGF-D. TGF␤ appears to be a major inducer of PDGFR-␤ in stellate cells. Several different cell types in the reactive liver produce TGF␤, including the stellate cells themselves. When activated, resident liver macrophages (Kupffer cells) are a major source of PDGF-B, but infiltrating cells contribute too ( Fig. 11B ; Pinzani et al. 1996) . Increased PDGF-D expression has been detected in the perisinusoidal and periportal areas in experimental liver fibrosis in rats, but the producer cell type has not been established (Borkham-Kamphorst et al. 2007 ).
Dermal fibrosis
Scleroderma (also known as systemic sclerosis) is an autoimmune disorder characterized primarily by progressive dermal and vascular fibrosis. Other organs are affected too, including lung, heart, esophagus, intestine, and kidney. Increased expression of both PDGFs and PDGFRs has been demonstrated in scleroderma skin (for review, see Bonner 2004) . A role for PDGF signaling in bleomycin-induced experimental scleroderma in mice was also suggested by the therapeutic effect of imatinib in this model (Distler et al. 2007) .
As for other fibroses, PDGF-B expression seems to occur in activated macrophages and infiltrating inflammatory cells ( Fig. 11C ; Gay et al. 1989 ). In addition, sclero- derma myofibroblasts appear to be constitutively phenotypically changed in comparison with normal skin fibroblasts, perhaps indicating that they have a distinct origin. Possibly, they originate from pericytes since the increased PDGFR-␤ expression was mainly observed around blood vessels in the scleroderma skin (Klareskog et al. 1990) . A pericyte origin has also been suggested for myofibroblasts in scarring tissue and tumors (Lindmark et al. 1993; Reuterdahl et al. 1993) . One distinct feature of scleroderma myofibroblasts is that they constitutively express PDGF-A in an autocrine loop driven by Il-1␣ ( Fig.  11C ; Kawaguchi et al. 1999 ). This appears to contrast with normal fibroblasts in which transient PDGF-A expression occurs after exposure to mitogens (Paulsson et al. 1987) . Another feature that distinguishes scleroderma fibroblasts from their normal counterparts is that TGF␤ increases the expression of PDGFR-␣ and enhances the mitogenic effect of PDGF-A in the former (Fig. 11C ) but seems to have opposite effects on the latter (Yamakage et al. 1992) . Down-regulation of Smad7 and up-regulation of Smad3 in scleroderma fibroblasts may account for this difference. Also thrombin and Il-1␣ have been implicated in the enhanced responsiveness till PDGF stimulation in scleroderma fibroblasts (for review, see Bonner 2004) .
It was recently reported that autoantibodies directed toward the PDGF receptors are present in the serum from patients with scleroderma ( Fig. 11C ; Baroni et al. 2006) . Autoantibodies are commonly found in autoimmune disorders and sometimes play direct pathogenic roles. A well-known example is Grave's disease, where agonistic autoantibodies for the thyroid-stimulating hormone receptor activate the thyroid gland, leading to hyperthyroidism. PDGFR autoantibodies were detected in serum from 46 out of 46 scleroderma patients but in no controls. The antibodies activated both PDGFR-␣ and PDGFR-␤ phosphorylation and downstream signaling through the Ras-MAPK pathway. Moreover, the antibodies were shown to convert normal human fibroblasts into collagen type-1-expressing myofibroblasts in vitro. This is an interesting finding with potential openings for new diagnostics. If these antibodies play a direct role in scleroderma pathogenesis, their elimination may also be considered as a putative therapy. Preliminary data suggest that PDGF autoantibodies are present also in patients with chronic graft-versus-host disease (Svegliati et al. 2007 ). The possibility of PDGFR activation through autoantibodies is a novel and provocative concept in autoimmune fibrotic diseases, which will most certainly be extensively explored over coming years.
Renal fibrosis
Renal fibrosis is obligatorily linked with the chronic renal failure caused by diabetes and other systemic diseases (such as hypertension), toxicity, autoimmune and Ig complex diseases, as well as idiopathic (often monogenic) diseases. Fibrosis may affect the glomeruli, in which case mesangial cells react. In tubulointerstitial fibrosis mesenchymal cells of less known identity and origin proliferate and deposit ECM. As discussed above, mesangial cell development depends on a PDGF-B-PDGFR-␤ paracrine loop. Tubulointerstitial mesenchyme development instead depends on combined PDGF-A and PDGF-C signaling over PDGFR-␣. Several observations suggest involvement of the same signaling pathway during renal fibrosis. Glomerular disease is frequently accompanied by up-regulated expression of PDGFR-␤ ( Fig. 11D ; Fellström et al. 1989) . In experimental animal models of mesangioproliferative disease, neutralizing PDGF antibodies, PDGF-B-binding aptamers, or imatinib all prevent mesangial cell proliferation and matrix accumulation (Johnson et al. 1992; Floege et al. 1999; Gilbert et al. 2001) . Also, systemic administration of PDGF-BB promotes mesangial cell proliferation in the absence of other discernable effects, suggesting that these cells are able to respond to PDGF-B independent of prior inflammatory activation (Tang et al. 1996) . A relatively modest (twofold) increase in circulating plasma PDGF-B levels also correlated with increased numbers of mesangial cells in mice with increased megakaryocytes and platelets due to overexpression of thrombopoietin (Shimoda et al. 2007) . All PDGFs (A-D) have been shown to be up-regulated in conjunction with renal fibroses. Evidence for a role of PDGF-A and PDGF-C remains circumstantial, but PDGF-D has been shown to play a role in experimental mesangioproliferative glomerulonephritis in rats by use of a PDGF-D-specific neutralizing antibody (Ostendorf et al. 2006) . The source(s) of PDGF-B during mesangioproliferative pathology is not entirely clear. Endothelial cells may contribute, as they do during development, but it is also possible that PDGF-B is released by invading mononuclear cells. PDGF-D appears to be strongly up-regulated in the mesangial cells themselves during their pathological expansion (Ostendorf et al. 2003) and might act in an autocrine loop (Fig. 11D) .
Cardiac fibrosis
Cardiac fibrosis may occur as a result of cardiac infarction, hypertension, chronic rejection, or endocrine disorders. Cardiac fibrosis is believed to involve the proliferation and excessive collagen deposition by interstitial cardiac fibroblasts (Fig. 11E) . Indications for a role of PDGF signaling in cardiac fibrosis mainly come from gain-and loss-of-function studies in experimental animals. Mice treated with neutralizing PDGFR antibodies following myocardial infarction show attenuated healing responses depending on antibody specificity. PDGFR-␤ blockade results in impaired maturation of cardiac neovessels, consistent with the roles of PDGFR-␤ signaling in mural cell recruitment and vascular development. PDGFR-␣ blockade, on the other hand, did not affect the vasculature but decreased collagen deposition, suggesting a role for this receptor in fibroblasts activation (Zymek et al. 2006) . Transgenic studies also support for a role of PDGFR-␣ in cardiac fibroblast activation. Overexpression of PDGF-C in the heart of transgenic mice induced diffuse cardiac fibrosis with extensive hyperplasia of fibroblast-like cells and large collagen deposits (Pontén et al. 2003) . This coincided with dilated cardiomyopathy in females, whereas males developed hypertrophic response. PDGF-D overexpression in the heart promoted diffuse cardiac fibrosis but also increased thickness of the vSMC coat in the coronary vessels (Pontén et al. 2005) . Adeno-associated virus (AAV)-mediated transfer of PDGF-A, PDGF-C, or PDGF-D accelerated cardiac fibrosis and chronic rejection in heterotypic heart transplants in rats (Tuuminen et al. 2006) . PDGF-AA is a potent inducer of proliferation in cardiac fibroblasts in vitro (Simm et al. 1998) . AAV-derived PDGF-B lacked this effect, which may seem paradoxical since PDGF-B can activate both PDGFR-␣ and PDGFR-␤. One possible explanation for this result is that PDGF-B bioavailability in the heart is limited due to interactions with ECM. Consistent with this idea, we found that heart-specific transgenic PDGF-A expression led to excessive cardiac fibrosis and death within a few weeks after birth, whereas PDGF-B expression from the same promoter resulted in a much weaker fibrotic response (P. Lindblom, C. Bondjers, and C. Betsholtz, unpubl.) .
PDGFs have been implicated in the cardiac fibrotic response to angiotensin II (Nishioka et al. 2007 ). Angiotensin-II-induced cardiac fibrosis is reduced in mice lacking one copy of the transcription factor KLF5, correlating with reduced cardiac expression of PDGF-A. Evidence for direct binding of KLF5 to the PDGF-A promoter has been presented, and regulation of expression of PDGF-A by KLF5 occurs also in other organs (Shindo et al. 2002) . Together, the mentioned results implicate PDGFR-␣ stimulation as a major fibrogenic process in the heart, whereas PDGFR-␤ stimulation in the heart affects mainly vascular mural cells leading to vessel wall pathology.
Polymorphisms in PDGF and PDGFR genes linked to diseases
Single nucleotide polymorphisms have been found in PDGF and PDGFR genes, but most of them currently lack significant association with disease. A possible link between neural tube defects (including spina bifida and anencephaly) and polymorphic sites in the human PDGFR-A promoter has been described (Joosten et al. 2001) . Five different haplotypes were identified. Two of them were overrepresented in patients with sporadic spina bifida, and these were associated with increased transcriptional activity of PDGFR-A. Together with the results of PDGFR-␣ knockout or knock-in mutagenesis, these findings indicate that the correct level of signaling via PDGFR-␣ is crucial for proper development of neural arches and suggest that both too high or too low levels of PDGFR-␣ expression or signaling may result in spina bifida. Association between different combinations of PDGFR-A promoter polymorphisms and the severity of childhood asthma was recently suggested, but these data appear preliminary and in need of confirmation (Wu et al. 2006) .
Clinical use of PDGF-BB to improve wound healing
Recombinant human PDGF-BB (becaplermin) has been introduced in the clinic as a topical treatment for chronic neuropathic lower-extremity diabetic ulcers (Robson et al. 1992) . It has also been used against pressure ulcers and to speed up healing in various surgical procedures. The tissue repair mechanisms induced by PDGF-BB appear to involve fibroblast proliferation, collagen production, and neovessel formation (Pierce et al. 1994 ) and may involve direct effects on PDGFR-␤-expressing mesenchymal cells, but also up-regulated expression of the long splice variant of PDGF-A (Pierce et al. 1995) . Clinical efficacy has been demonstrated in several phase III studies (Smiell et al. 1999) , and the combined results suggest that topical application of PDGF-BB is safe and well tolerated (for review, see Edmonds et al. 2000; Perry et al. 2002) . A recent study involving >900 patients confirmed that topical treatment with PDGF improved healing of chronic full-thickness diabetic foot ulcers (Steed 2006) . Local delivery of PDGF-BB has also been tested in patients with severe periodontal disease and found to increase biomarkers for bone metabolism and turnover (Sarment et al. 2006 ) and provide improved periodontal regeneration (Nevins et al. 2003) .
Outlook
The small size of the PDGF/PDGFR family has been a great advantage for the elucidation of the numerous developmental and pathological roles of the PDGF/Rs by genetic and pharmacological methods. Thus far, developmental studies in mammals have mostly used complete knockouts (PDGF-A, PDGF-B, and PDGF-C, and PDGFR-␣ and PDGFR-␤), which are all lethal at embryonic or early postnatal time points. The critical and nonredundant functions of the PDGFs and PDGFRs in organogenesis have on the one hand facilitated analysis of PDGF physiological functions, while on the other hand restricted information to developmental stages before onset of lethality. In addition to this limitation, the multiorgan effects and systemic consequences of some of the phenotypes may produce secondary effects that confound interpretations. Problems with systemic effects of cardiovascular failure (which are notorious in mice) may to some extent be avoided by analyzing fish. PDGFs and PDGFRs are expressed but have not yet been systematically functionally analyzed in zebrafish embryos. Such studies would clearly be of value.
However, genetic approaches in mice are far from exhausted. The phenotypic consequences of knockout of PDGF-D have still not been reported, but null mice are currently available and under study. So far, application of conditional mutagenesis approaches to PDGF biology has been limited, and further studies using inducible and tissue-specific knockouts of PDGF ligands and receptors will most certainly provide us with more correct and detailed information about the developmental roles of PDGF signaling. In addition, such studies will tell us to what extent PDGF signaling is of physiological impor-tance in adult animals. PDGFs are indeed expressed in many normal cell types in adult mammals, often at significant levels, but the physiological role of this expression remains unclear. These questions are obviously important considering that potent PDGFR inhibitors, such as imatinib, are being introduced into the clinic. Imatinib is already in clinical use for certain uncommon neoplasias, but as exemplified in this review, there are clearly prospects for broad application of PDGF/R antagonists in more prevalent cancers, vascular disorders, and fibrotic conditions. Clinical trials with imatinib are already ongoing for some of these conditions.
Huge amounts of information on PDGFR signaling have accumulated over the past decade, but our understanding about how signaling specificity is obtained downstream from the individual PDGFRs, as well as in selected cell types at specific stages of development, is still limited. To what extent the cell systems commonly used for in vitro studies represent and reflect the critical PDGF signaling pathways in vivo remains largely unclear. A typical example is the PI3K pathway downstream from PDGFR-␤, which appears relatively insignificant in vivo in contrast to what might have been predicted from in vitro analyses. In marked contrast, the same signaling pathway appears to be absolutely essential for PDGFR-␣ function during development. There are also obvious challenges in interpreting the biological significance of the intersection between signaling through PDGFR and other receptor systems. Cross-talk between PDGFR signaling and signaling through other RTKs, G protein-coupled receptors, and integrins (and more) adds immensely to signaling complexity. Again, most if not all of these effects have been analyzed in vitro, while the relevance in vivo remains unknown and a formidable challenge to tackle. Most likely, progress will come with technologies that allow signaling through distinct pathways to be monitored in intact organisms with cellular resolution and in real time. There is still a long way to go before this can be accomplished for PDGFRs, but progress is being made in several areas toward this goal.
As summarized in the present review, imatinib and other efficient PDGF pathway inhibitors have been invaluable in the search of physiological and pathological processes that require PDGFR signaling. Since available kinase inhibitors are not entirely specific, positive results must be followed up using more specific PDGF pathway inhibitors before firm conclusions can be made concerning the involvement of PDGF signaling for the particular process. Nevertheless, imatinib and similar substances are excellent research tools that allow efficient screening for putative PDGF-dependent pathophysiological processes in experimental animals. Clinical trials with imatinib will also reveal which human situation may benefit from PDGFR inhibition, and conversely, putative side effects will highlight physiological processes that depend on PDGF signaling.
Cancer research is an area where PDGF biology has gone through a recent revival. There are now numerous examples of the direct involvement of mutated PDGF signaling components in cancer, but the affected tumor types are relatively uncommon. Nevertheless, the progress is important, especially since some of these tumor types, particularly glioblastoma, are extremely aggressive and in urgent need for therapeutic options. Concerning the potential involvement of PDGF signaling in common cancers, it remains to be established if PDGF involvement in EMT goes beyond anecdotal examples in experimental tumors. However, this is clearly an important area worthy of further investigation. Perhaps more interesting is the emerging evidence for a broader role of PDGF signaling in tumor stroma recruitment, and, in turn, roles for tumor stroma in tumor growth, metastasis, and therapeutic resistance. The progress in this area is quite recent and based primarly on experimental tumor models. Clearly much more work is needed before we may conclude about any general role(s) of PDGF signaling in tumor stromogenesis. The possibility of finding therapeutic tagets in (putatively PDGF-dependent) fibroblastic or vascular tumor stroma is being developed also in humans, obviously reinforced by emerging positive results of anti-angiogenic therapy.
In summary, studies of PDGFs and PDGFRs in animal development and disease have revealed common principles for growth factor function in organogenesis, cancer, vascular inflammation, and tissue fibrosis. This review briefly summarizes the basic aspects of PDGF function and discusses in somewhat more detail the developmental roles of PDGFs in animals, focusing on gastrulation, neural crest, epithelial organogenesis, glial cell development, skeletal development, angiogenesis, and hematopoiesis. The numerous suggested roles of PDGF signaling in different diseases, ranging from cancer to vascular disorders and fibrotic diseases, are discussed in depth. We also review the current principles of pharmacological inhibition and stimulation of PDGF signaling and its applications in research and clinical practice.
